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1 Introduction

1.1 Motivation

Over 99% of all visible matter in the universe is in the plasma state [1]. This includes
stars like the sun, the solar wind, and the interstellar medium. On Earth, plasmas
appear as lightning and auroras, caused by solar particles interacting with the Earth’s
magnetic field. While natural plasmas are widely recognized, the artificial plasmas
encountered in everyday life, such as those in neon signs, car headlights, plasma T'Vs,
and plasma welding, often go unnoticed. They are also crucial in production, espe-
cially for surface modification. Plasma applications include coating materials with
functional layers [2], such as mirrors, non-stick coatings, tool hardening, food pack-
aging protection, and heat-resistant layers for aircraft turbines. Additionally, surfaces
can be cleaned or activated for painting or bonding [3]. Plasma etching [4], essential in
semiconductor manufacturing, allows mass production of integrated circuits. The lat-
est chips are made using EUV lithography, which employs plasma-generated radiation
at 13.5nm [5]. Plasma medicine [6, 7] is another growing field, utilizing plasmas for
disinfecting medical tools and body parts, and treating dental issues, wounds, and skin
cancer. Finally, nuclear fusion [8] research relies on the plasma state for thermonuclear

reactions, potentially solving future energy supply challenges.

In recent years, there has been considerable interest in using plasmas to dissociate and
convert molecular gases, such as volatile organic compounds (VOCs), marking another
noteworthy area of research. A new approach, plasma catalysis or plasma-assisted
catalysis, combines the properties of a plasma with those of conventional heteroge-
neous catalysts [9-12]. In classical catalysis [13], materials (catalysts) are usually used

in solid form to accelerate chemical reactions, influence their selectivity or activate
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them in the first place. The catalyst reduces the activation energy of the reaction,
but does not change the chemical equilibrium and is not consumed in the process.
Typically, the reactions in classical catalysis are thermally driven. However, this is to
be changed by using a non-equilibrium plasma [14]. This type of plasma is charac-
terized by the fact that neutral particles and ions remain close to room temperature,
while electrons are heated to temperatures in the range of a few 10000 K. The electrons
drive the plasma chemistry mainly through collisions and generate excited and reac-
tive species. Especially molecules that are excited to high vibrational states have a low
dissociation energy and thus an increased reactivity at the surface of a catalyst [15].
The aim of plasma catalysis is therefore to reduce the reaction temperatures and thus
increase the energy efficiency and simplicity of the reactors and the associated usability
in industry. Moreover, the thermal equilibrium required in classical catalysis means
that the energy is not selectively distributed to different (possibly unwanted) reactions.
By using a plasma, the selectivity for certain reactions can be increased and controlled
by the choice of plasma parameters [16] (voltage waveform, reactor geometry, etc.). In
addition, a plasma can be switched on and off very easily and is operated exclusively
with electrical energy. This makes it very suitable for use in industry and offers oppor-
tunities for concepts such as "Power to X", in which surplus renewable energy can be

stored or used for other purposes.

Atmospheric pressure discharges are ideal for industrial-scale gas conversion or plasma
catalysis [17] . They eliminate the need for complex vacuum systems and allow for
very high gas flow rates. However, atmospheric pressure plasmas have a limitation: ac-
cording to Paschen’s law, the ignition criterion is met only within a narrow parameter
range. Balancing the electrode distance, which defines the plasma volume, with the
applied voltage is crucial. Typically, microplasmas with electrode gaps ranging from
a few micrometers to a few millimeters are used to keep the ignition voltage within
a practical range of several kilovolts [18]. The transition to an erosive thermal arc
discharge, can be suppressed using a dielectric barrier even at high voltages [19]. Con-
sequently, dielectric barrier discharges (DBDs) hold significant potential for plasma
catalysis [20].
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Despite the dielectric barrier, the distance between the electrodes is small in relation to
the desired treatment volume. This can be solved in different ways. For example, many
individual microplasma reactors can be used simultaneously (e.g. connected in parallel
or in series). Alternatively, DBDs offer the possibility of surface discharges which, in
contrast to volume discharges, do not ignite in the gap between two electrodes, but
on a surface [21]. As a result, large plasma expansions can be achieved with relatively
small reactor sizes. A combination of both concepts is used in this work. An array of
thousands of cavities with a diameter and height in the pm range is used as a reactor
[22]. All cavities are arranged on one electrode so that only a single reactor is required
although there are many individual discharges. For industrial applications, the reactor

could be scaled to significantly higher numbers of cavities.

The concept of microplasma arrays originates from the work of G. Eden’s group [23—
26]. They used micro structure techniques to incorporate cavities into a silicon wafer,
which could then be coated with a dielectric layer and an additional electrode layer.
This cavity structure is particularly valuable for research, as the enclosed discharge
limits the plasma to a specific volume, simplifying characterization despite the inher-
ent complexities of phenomena such as collisions and plasma-wall interactions. The
large number of identical cavities also allows for good statistical measurements with
relatively moderate effort. Micro plasma arrays have proven to be effective UV light
sources and are already employed in various industrial applications, including disinfec-

tion of large surfaces, water treatment, ozone generation, and as light sources [27].

Metal grid arrays represent an advance over silicon-based arrays [22]. In this design,
cavities are laser-cut into a metal foil, complemented by a dielectric foil and a grounded
electrode. This reactor offers several advantages for research. Its modular setup allows
for the variation of parameters and easy replacement of defective parts by exchanging
components. Notably, the dielectric foil can be coated with a catalyst, facilitating direct
plasma-catalyst interactions for detailed study. Post plasma treatment, the modular
setup can be disassembled for surface diagnostics. Typically, the reactor is operated
using a helium gas flow. Initial measurements indicate that, despite the new design,

the discharge dynamics are comparable to those of silicon-based structures [22]. The
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reactor’s durability and associated reproducibility have enabled the determination of
fundamental properties, such as the electric field. These measurements reveal very
high electric fields within the cavities, which could enhance plasma catalysis [28]. The
reactor’s simple design and well-defined discharge dynamics offer advantages over tra-
ditional packed bed reactors [29]. In packed bed reactors, discharges occur directly
between the catalyst materials, potentially increasing efficiency. However, due to the
presence of catalytic material, the discharge dynamics are much less controlled than
in micro cavity designs. In addition, packed bed reactors offer limited access for diag-

nostic tools, making micro cavity plasma arrays a superior option for research purposes.

To comprehensively characterize this type of discharges, and to enable a model descrip-
tion, further fundamental properties must be determined. In addition to the electric
field strength, the direction of the electric field is relevant for tracking the transport
of charged particles to the surfaces and thus to the catalyst material. Surface charges
also play a decisive role, especially in dielectric barrier discharges. These charges can
shield the applied electric field and thereby significantly influence the ignition and dis-
charge dynamics. Additionally, models show that surface charges can positively affect
the conversion efficiency of plasma catalytic reactors [9, 30]. Therefore, the ability to
monitor or even control these charges would be an important tool for plasma catalysis.
Lastly, the power dissipated into the plasma should be known to compare the efficiency

of the reactor for various applications.

A wide variety of systems are currently being investigated worldwide where plasma
catalysis could enhance efficiency. A broad range of plasma reactors, gas mixtures,
and catalyst materials are being tested. In addition to ammonia synthesis, the main
research focus is the conversion of volatile organic compounds (VOCs) [31, 32]. Given
the complexity of these systems, a comprehensive plasma chemistry model is often
necessary for fundamental understanding. Therefore, it makes sense to begin with a
model system that has comparable properties. One candidate for this is oxygen. This
is often admixed to more complex systems, such as CO, [33], methane [33], n-butane
[34] or NO,, [35]. In plasma, molecular oxygen is dissociated into atomic oxygen, which

can either react with the gas to be treated or the catalytic surface (change in oxidation
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state, reduction of metal oxide catalysts to their metallic form, reduced coke formation,
change in work function) [36]. It is known that even small additions of oxygen can lead
to significant changes in the discharge mode [37, 38|. If this influence is understood,
discharge parameters and reactor properties can be adjusted and optimized for more

complex systems.

To determine the exact performance of the conversion, the densities of the species
must be measured with spatial and temporal resolution wherever possible. The most
accurate diagnostics typically rely on laser spectroscopic methods or light absorption
techniques, such as absorption spectroscopy or Fourier transform infrared spectroscopy.
However, these methods require extensive optical access to the discharge, which is
often unavailable, especially when a catalyst is used. Optical emission spectroscopy
presents an alternative. While it also requires optical access, the extent needed is
usually less than that of the previously mentioned methods. The primary challenge of
optical emission spectroscopy, however, is that it necessitates numerous assumptions or
models about the observed discharge to interpret the results accurately. Therefore, the

development of new diagnostics for monitoring plasma catalytic processes is essential.
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1.2 Research questions and thesis outline

The following section should clarify which of the previously mentioned aspects are to be
addressed in this work. Therefore, the main objective is divided into various research

questions that are to be explicitly answered throughout this study.

The overarching goal of this work is to fundamentally characterize the micro cavity
plasma array with respect to discharge dynamics and the formation of reactive species.
By combining different diagnostics, the various plasma properties such as electric field,
surface charges, dissipated power or the formation of reactive species are to be decou-
pled. This enables systematic investigation of plasma catalytic mechanisms in relation

to diverse plasma parameters.

First, a basic helium system is investigated to understand the discharge dynamics.
Current, voltage and emission measurements are used for this purpose. By varying pa-
rameters such as the applied voltage or frequency, the ignition and discharge behavior
are investigated. The aim is to determine properties such as ignition times, dissipated

power or plasma expansion. This leads to the first research question:

How can the discharge be fundamentally characterized? Is it possible
to assign the discharge to a known DBD mode in order to compare the

reactor with others?

Once the question of the discharge mode has been clarified, a pure helium discharge
is considered further, focusing on charged particles. As already mentioned, charge
carriers can change the plasma catalytic properties [30]. For this reason, the charge
transported by the discharge and the surface charges are determined. New methods

are developed to answer the following questions:

How do charge carriers on the surface affect the discharge? What is
the charge carrier density and can the concentration be manipulated

externally, for example to influence plasma catalytic effects?
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The charged particles are accelerated by the electric field during discharge, impact-
ing the surfaces. However, the electric field is influenced by charge carriers and their
associated shielding effects. Therefore, to comprehend the transport mechanism, it is
crucial to also examine the electric field. Beyond the previously determined electric
field strength [28], it is essential to investigate the spatial distribution and direction of

the electric field.

What is the spatial distribution of the electric field? In which direction

does the electric field point, and how is it influenced by charge carriers?

After the discharge has been characterized under pure helium, oxygen is to be added
in order to create a model system for plasma catalysis. It is known from the literature
that the addition of other gases can cause significant changes in the discharge dynamics
and can even lead to a new discharge mode with completely different properties [37,
38]. Therefore, fundamental characteristics such as the emission, the dissipated power
or the electric field are investigated again to determine possible changes due to the new

gas mixture.

What influence does the addition of oxygen have on the discharge dy-

namics? Does the discharge mode change?

The dissociation of oxygen is then discussed in the final part of this thesis. To this end,
a new diagnostic method based on optical emission spectroscopy is developed. This
allows absolute atomic oxygen densities to be determined with spatial and temporal
resolution despite the limited optical access within the cavities. By determining the
degree of dissociation, initial findings on the conversion efficiency of the reactor can

then be obtained.

Which degrees of dissociation can be achieved with the reactor and
what does the degree of dissociation depend on? What is the spatial
and temporal distribution of the atomic oxygen density? Is the micro

cavity plasma array a suitable reactor for gas conversion?
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In addition to the generation of atomic oxygen within the discharge, the two-dimensional
distribution of these atoms outside the cavities is also of interest. Here, the reactive
species could interact with the gas to be treated or with possible surfaces. Since there
is no plasma emission in this area, the atoms must be actively excited with a laser for

detection.

What is the density distribution of atomic oxygen outside the cavities?
How far can the reactive species exit the cavities, and what are the
dominant transport and loss mechanisms? How are the densities out-

side the cavity related to those inside?

If the formulated research questions are answered, it lays the foundation for a system-
atic investigation of various plasma-catalytic systems. This enables the examination
of the influence of individual plasma parameters on conversion or selectivity and the
identification of dominant plasma-catalytic mechanisms. In the future, this knowledge

can help design large-scale, efficient reactors for industrial applications.
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2 Fundamentals

In the following chapter, the physical fundamentals underlying this work are discussed.
Specifically, dielectric barrier discharges and micro structured discharges are examined

in detail.

2.1 Dielectric barrier discharges

Dielectric barrier discharges (DBDs), also referred to as silent discharges or ozonizers,
are known primarily for their numerous industrial applications. The latter term dates
back to the first description of a DBD for the generation of ozone by Werner von
Siemens in 1857 [39]. In addition to the generation of ozone, DBDs are used today for
surface functionalization [40], plasma medicine [7], excimer lamps [41], plasma displays

[42] or plasma aerodynamics [43] and many other applications [19].

All applications mentioned above have in common that they should be applicable at
atmospheric pressure, since the use of low pressure chambers is either not possible or
not profitable due to the low particle numbers. However, igniting and maintaining
plasmas at atmospheric pressure is a technical challenge because of the risk of ther-
mal arcing. This is due to the common ignition mechanism of atmospheric pressure
discharges, the streamer mechanism [44], which is discussed in more detail in section
2.1.2. Here, an avalanche of electrons travels through the gas, generating such a large
electric field at the so-called streamer head that the surrounding area can also be ion-
ized, creating a self-sustaining mechanism. A quasi neutral channel remains behind
the streamer. When this channel connects the two electrodes, a breakdown occurs at
which a very high current flows. Due to the resulting high temperatures, these arc
or spark discharges are used, for example, for plasma welding. However, the transi-

tion to a thermal spark discharge is to be prevented for the majority of applications,
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since on the one hand the electrodes can be severely damaged and on the other hand
heat-sensitive surfaces such as plastics or human skin are to be treated. This can be
achieved in different ways. One way is to use voltage pulses in the nanosecond range
or a radio frequency to stop the plasma before the breakdown could occur (typically
about 500 ns [45]). Alternatively, dielectric barriers can be inserted into the gas gap
to prevent current flow between the electrodes and to protect the reactor [19, 46, 47].

This type of discharge is discussed in more detail in the following.

In the simplest case, a DBD consists of two planar elec-
trodes. The dielectric is either on one of the two elec-
trodes, on both electrodes or between the electrodes
(see Figure 2.1 a)). These discharges are referred to as
volume DBDs (v-DBDs). In contrast, surface DBDs
(s-DBDs) ignite the plasma only on the dielectric sur-
face. Again, different electrode arrangements are pos-
sible (see Figure 2.1 b)). Depending on the applica-
tion, however, there are also very complex electrode
arrangements, such as tilted or cylindrical electrodes. Figure 2.1: Typical barrier-

discharge configurations based

on [47].

The dielectric typically consists of glass, quartz, ce-
ramics, enamel, mica, plastics, silicon rubber or teflon
[47]. Since the direct current (DC) through the di-
electric is prevented, DBDs are operated with (pulsed) alternating voltage (AC). At
atmospheric pressure, voltages between 1-100kV at a frequency between a few Hz up
to several MHz are commonly used. The electrode gap is between 0.1-10 mm. [19, 46,

47]

Due to their structure, DBDs can be considered as capacitive elements. If a low AC
voltage is applied without igniting a discharge, a displacement current can be measured
which depends on the time derivative of the applied voltage and the total capacitance
of the reactor. A conduction current can only pass through the reactor when there is a
breakdown. However, this conduction current transports charges to the surface of the

dielectric. These create an electric field, which counteracts the applied voltage, so that
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the discharge extinguishes again. As described above, this prevents the transition to an
arc or spark discharge and the plasma remains non-thermal, which is the core idea of a
DBD. Despite this general behavior, the discharge characteristics of different DBDs can
differ greatly. Depending on reactor geometry, pressure, voltage or gas composition,
the number and duration of discharge pulses can vary. Also, the appearance can be

filamentary or diffuse depending on the conditions.

2.1.1 Memory effect

One of the main unique features of DBDs is the fact that successive discharge pulses
can influence each other, even across half-phases of the AC voltage. This is described
as the memory effect [48]. Although this effect is not fully understood, several factors

can be identified.

Depending on the gas type and applied frequency, species generated in the previous
pulse can survive until the next ignition. If low electric fields prevail, slow ions can
remain in the gas gap until the next ignition due to ambipolar diffusion [49]. If there
are enough ions in the region in front of the cathode during the next breakdown, they
can generate secondary electrons to support ignition. However, since the ion density
decreases with time, the effect diminishes at low excitation frequencies. In addition,
depending on the discharge, the external field is not very strongly shielded, causing
the ions to be accelerated towards the cathode even before the next ignition. Another
species that can survive between two discharges are metastable atoms or molecules.
If the flux of these species to the cathode is large enough, they can also contribute
significantly to the secondary electron production. However, in the case of noble gases
such as helium, this effect is small because dimer formation occurs here, resulting in a
lifetime that is only in the range of ps [50]. On the other hand, for instance nitrogen
forms very long-lived metastables even at atmospheric pressure, which can release their

potential energy through various reactions to produce electrons [49].

Surface effects have an even greater, and above all more long-lasting effect than volume
effects. As described before, the discharge pulses transport charges onto the dielectric.

These can influence the discharge in various ways. First, the external field is shielded.
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In the case of filamentary discharges, this leads to new filaments preferentially igniting
at other locations, since the electric field is less strongly shielded there. However, if the
polarity of the external field is reversed, the surface charges actually strengthen the
external field. In certain cases, a back-discharge can occur, where the effective electric
field is large enough to ignite a discharge in the opposite direction even before the zero
crossing of the external voltage. In most cases, the ignition voltage reduces at least,
since the necessary effective field can be reached earlier. The locations on the dielectric
where a filament appeared during the previous half-phase become preferred sites for
new ignition, as a significant accumulation of charges at these spots enhances the local
electric field [51]. In addition to shielding, surface charges also affect secondary electron
emission. The electrons on the surface are weakly bound in shallow traps (1-2eV) and
can thus be more easily released than intrinsic ones [52]. This means that as long as
the surface is charged, the secondary emission coefficient ~ is increased. Therefore, the

ignition of the next pulse is significantly supported.

The exact nature of the surface charges has not yet been definitively determined. It is
assumed that negative charges consist of weakly bound electrons on the surface. In the
case of a dielectric with positive electron affinity, however, the electrons can also enter
the material and are located in the conduction band. Positive charges, on the other
hand, are assumed to be electron defects resulting from electron-ion recombination on

the surface. These defects are found in the valence band of the dielectric. [53, 54]

Besides electron flow, the surface can also be charged by electron desorption, ions,
photoelectric effects or electron attachment [47]. Depending on the discharge, the
lifetime varies from seconds to several hours. Thus, the memory effect due to surface

charges can be observed for a much longer time than the discussed volume effects.

2.1.2 Discharge modes

DBDs can be operated in various discharge modes depending on voltage amplitude,
excitation frequency, gas mixture, pressure or reactor geometry. The main difference is
caused by the underlying breakdown mechanism. DBDs can be ignited with a streamer

breakdown or with a Townsend breakdown [49]. The former case is usually manifested
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by a filamentary appearance, while the latter case tends to generate a homogeneous
discharge. The different characteristics, as well as the possibility of mode transitions,

are explained in the following.

Filamentary mode

The majority of DBDs operating at atmospheric pressure are operated in a filamentary
mode generated by the streamer mechanism [19, 47]. When a free electron is acceler-
ated in an external electric field, collisions with the surrounding gas take place. Atoms
or molecules can be ionized, creating further electron-ion pairs. These are also accel-
erated in the electric field, resulting in an avalanche effect. Due to the high pressure,
many collisions take place and high charge carrier densities are quickly reached at the
avalanche front. The mass difference between electrons and ions and the associated
inertia of the ions cause charge separation and an eigenfield is created. This superim-
poses the external electric field and can become large enough to ionize by itself. Since
the breakdown is now no longer dependent on the electron drift, the process can take
place on the ns time scale. Behind the negative streamer head, a channel is formed in
which surrounded electrons are collected and a quasi-neutral region is created. Under
certain conditions, the process can be assisted by the generation of UV photons which
are responsible for photoionization. A more detailed description of the streamer mech-

anism can be found in the literature [44, 45, 55].

If the quasi-neutral channel connects the two electrodes, a micro discharge (distinct
from micro plasmas or micro structured discharges) forms. The filament behaves like
a transient glow discharge, characterized by a cathode fall and a positive column [19].
As charges accumulate on the dielectric from the incoming current, an opposing field
develops, typically extinguishing the discharge within 10-100ns [47]. Increasing the
voltage can raise the number of micro discharges per active phase, but the location

changes with each breakdown due to residual charges shielding the field.

Despite the streamer mechanism, it is possible to achieve a more or less diffuse appear-
ance of the discharge. This can be realized if the individual micro discharges develop

as simultaneously as possible and the streamers couple with each other. One way to
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achieve this is by pre-ionization, e.g. by photon ionization, and the use of very short
voltage pulses [49]. Another possibility for superposition is to increase the diameter
of the filaments. This can be controlled, for example, by the choice of gas, since the
diameter of a filament depends on the ionization coefficient «. For electronegative
gases, the value of « is reduced since electron attachment is more likely, so that the
streamer diameter becomes comparatively small. In contrast, with noble gases such as
helium, wider filaments can be produced [19]. Another advantage of helium is its high
thermal conductivity. This can prevent thermal instabilities, which can lead to further
contraction of the plasma. Overall, however, these diffuse-appearing discharges are to

be distinguished from real homogeneous discharges.

Homogeneous mode

In addition to diffuse DBDs, which are ignited by the streamer mechanism but prevent
the formation of individual filaments, there are also homogeneous DBDs which are
ignited by the Townsend mechanism [37, 49, 56]. This ignition phenomenon is known
from low pressure DC glow discharges. Here, an electron avalanche also plays a central
role. However, the propagation speed is lower than in a streamer (ps instead of ns).
This slower speed allows ions to reach the cathode, where secondary effects generate
further electrons, supporting ignition and maintaining the discharge. The result is a
homogeneous discharge that, unlike filamentary discharges, covers the entire electrode
surface. In order to achieve ignition by the Townsend mechanism or to suppress a
streamer, certain conditions must be met. Overall, the propagation of the electron
avalanche should be slowed down to prevent the separation of charges and to avoid
a field at the avalanche front that is large enough to ionize by itself. To ensure this,
the external electric field should be as small as possible. Another way to keep the
ionization rate low is to reduce the pressure, which corresponds to an increase in the
free path length and a decrease in the collision rate. Although this is done in low
pressure plasmas known for the Townsend mechanism, it is ruled out for most appli-
cations of DBDs for which atmospheric pressure is necessary. An alternative is offered
by the reactor geometry, or more precisely, the electrode distance. If this is chosen
to be small, the proportion of surface reactions or secondary electrons increases in

comparison to the volume ionization. All in all, the product of pressure and electrode
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gap, which is known from Paschen’s law, is decisive for the mechanism with which the
discharge ignites. At large values (>200 Torrcm), the discharge ignites preferentially
in the streamer mechanism. At low values (<30 Torr cm), the Townsend mechanism is

favored [49].

Even if the plasma is ignited by the Townsend mechanism, different discharge modes
can result. In the literature, a distinction is made between atmospheric pressure
Townsend discharge (APTD) and atmospheric pressure glow discharge (APGD) [49].
Both types have a homogeneous appearance, but differ, for example, in the burning

duration or the conducted current.

Atmospheric Pressure Townsend Discharge (APTD)

When the ionization level is so low that no cathode fall can form, it is called a Townsend
discharge, which is also known from low-pressure discharges. Here, no quasi-neutral
positive column (plasma bulk) is formed, so that the external electric field is barely
shielded. At atmospheric pressure, this form of discharge occurs primarily with nitro-

gen or noble gases.

A simulation of the voltage-current characteristic allows the discharge to be divided into
different phases. A nitrogen discharge with a negative voltage of 15kV at a frequency
of 6kHz was used [57]. Initially, the discharge is not ignited at low voltages. The
current is determined by the displacement current. If the voltage is increased further,
the discharge current increases. Electron avalanches run through the gas gap. The
resulting ions reach the electrode and produce secondary electrons, which causes the
discharge current to increase exponentially. As the voltage across the dielectric drops
and the electron density on the surface decreases, secondary electron yield is reduced.
The discharge current saturates. From this point on, the gap voltage remains constant
despite further increasing applied voltage. This is due to the better conductivity of the
plasma and the accumulating charges on the surfaces, which shield the external field.
At the end, the discharge current slowly drops and the discharge is extinguished when
the applied voltage drops again.
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A Townsend discharge does not have to consist of only one pulse per half phase as
described above, but can also show several pulses [58]. Each pulse can be described
by the previously described discharge mode. However, after a discharge has been
extinguished, further pulses can be ignited as long as the external voltage continues
to rise, i.e. the reversal point has not yet been reached. The type and manner of the
pulses is determined by the electrode distance, the dielectric material, the voltage and
the frequency. An important influence is the desorption of electrons at the cathode,
which were adsorbed there during a pulse before. These act as start electrons for a new
avalanche. Thus ions are created in this area, which influence the electric field, so that
there is no quasi-neutrality. The time it takes for the ions to travel from the cathode,
where they were created, to the anode, where they can produce secondary electrons, is

responsible for the pulsing behavior.

Atmospheric Pressure Glow Discharge (APGD)

If the ionization level is higher, a glow discharge can be ignited by the Townsend mech-
anism, at which the Townsend plateau is exceeded. A cathode fall, a negative glow,
a Faraday dark space and a positive column are formed, i.e. a quasi-neutral plasma
bulk [59]. The latter shields the external electric field. Since the plasma quickly be-
comes highly conductive, the gap voltage collapses and the discharge is extinguished.
In addition, the deposited surface charges further shield the electric field. Thus, the
discharge pulses of an APGD are significantly shorter (factor of 10) than in an APTD.
Typically, such a discharge mode takes place in noble gases such as helium or neon.

The electrode gap can be larger than for APTD and is in the range of a few millimeters.

Also in APGD it is possible that the discharge consists of more than one pulse per
half phase. This is called a pseudo-glow discharge or pulsating glow discharge [56].
Again, each individual pulse can be described as an APGD. As discussed before, the
discharge is extinguished after a few ps because surface charges shield the external
field. However, if the external voltage is increased further after the discharge is already
extinguished, the charges are no longer sufficient and a new breakdown can occur. This
can be repeated until the applied voltage does not increase any further. The number

of pulses can therefore be adjusted by the frequency, waveform and voltage amplitude.
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Since the pulses follow each other in short time intervals, excited species such as
metastable atoms or molecules can survive in the gas gap. These support the igni-
tion because they are easy to ionize or generate electrons by Penning ionization. Thus,
subsequent discharges can be ignited at lower gap voltages in the same half phase. If
the number of discharge pulses is very large, they can overlap each other [37]. A quasi

continuous glow discharge with one pulse is formed.

Determination of the discharge mode

In order to decide whether a homogeneous discharge is an APTD or an APGD, a num-
ber of parameters have been identified in the literature that can be used to compare

the characteristics of a discharge [49].

As previously described, the major difference is in the degree of ionization, which in
APGD is sufficient to shield the external electric field and form a quasi-neutral region.
The electron density in APGD is in the range between 10°-10'! cm =3, while in APTD
it is between 107-10% cm™3. Even though this value is crucial for the discharge, it is
very difficult to determine in the case of atmospheric pressure plasmas because, for
example, Langmuir probes cannot be used due to the dimensions. Another method
could be the measurement of the electric field. In an APTD, this corresponds to the
field applied across the gas gap. In the case of an APGD, this is shielded in the positive

column and is correspondingly smaller.

An easier access is provided by optical measurements of the emission. As described
before, the pulses of an APTD are significantly longer (approximately 10 ps) than those
of an APGD (approximately 1ps). However, attention must be paid to the time reso-
lution. Slow camera or photomultiplier setups might not separate fast pulses properly
and make them appear as one longer pulse. In addition, the superposition of short

pulses in pseudo glow mode, for example, can result in longer pulses than in APTD.

Another possibility is offered by the measurements of voltage and current character-

istics. The current density of APGD is between 10 and 100mA ecm~2, while this is
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significantly lower (0.1-10mA cm~2) for APTD. Furthermore, the course of the gap
voltage differs. In the case of APTD, this remains constant even after ignition. In
APGD, on the other hand, it collapses very quickly. However, there are also deviations
here. In the case of pulsating APTD, the gap voltage collapses in intermediate periods,

whereas the voltage can remain constant in the case of pseudo-glow discharge.

Table 2.1: Order of magnitude of different quantities to distinguish between homoge-

neous discharge modes adopted from [49].

Quantity APTD APGD
Electron density / cm™3 107 — 108 10 — 10t
Ton density / cm™ 10" 10"
Quasi-neutrality No Yes
Metastable of dilution gas 103 10t
Current density / mA /cm? 0.1-10 10-100
Constant Decrease

Gap voltage variation
(Townsend plateau) (cathode fall formation)

Dilution gases N,, Air, NoO He, Ar, Ne
Typical gas gap / mm <2 > 2

Typical frequency range / kHz < 10 > 1

Power / W/cm? (at 10kHz) ~ 1 ~ 0.1
Diagnostics Current, Optical Photomultiplier, ICCD

Overall, due to the exceptions and deviations, different parameters should be used for

the determination. An overview of various reference values is shown in table 2.1.

Mode transitions

As described above, the discharge mode depends significantly on the type of gas used.
This leads to the fact that discharge mode transitions can be observed when the gas
type is changed by small admixtures. For example, if oxygen is added to a nitrogen
[60] or neon [61] discharge, the discharge transitions from a homogeneous mode to a
filamentary mode. The exact admixtures required for a transition depend not only on

the gas mixture but also on the reactor geometry and the applied voltage.



2. Fundamentals 19

In this work, a helium plasma with small oxygen admixtures is used. For this case,
a transition from a diffuse discharge to a filamentary discharge is also known from
the literature [37, 38]. Figure 2.2 shows the existence range of the different modes
as a function of applied voltage and oxygen admixture. Again a DBD reactor was
used, but with a very different geometry to that used later in this work. For this
reason, the Figure can only reflect the basic behavior with the admixture of oxygen.
Without oxygen admixture, the
discharge is initially diffuse.
This is especially known for he-
lium discharges, since the ther-
mal conductivity is particularly
high here and instabilities that
can lead to filamentation are pre-
vented. If a small amount of
oxygen is added, the voltage re-
quired to maintain the discharge

increases. At admixtures be-

tween 0.025% and 0.5%, the dis- Figure 2.2: Existence diagram for the filamentary
charge is partially filamentary. and diffuse barrier discharges depending on the oxy-

gen admixture to helium taken with permission from

38].

This means that there is an
asymmetry between the two half
phases of the AC voltage, which
is due to the reactor geometry. At higher admixtures, the discharge is then completely

filamentary.

This behavior can be attributed to various properties of oxygen. Initially, the en-
ergy consumption increases because the vibrational and rotational states of the oxygen
molecule are excited [62]. In addition, dissociative processes occur, which require fur-
ther energy. Moreover, oxygen tends to form negative ions. This means that free elec-
trons that would contribute to the discharge are lost due to attachment [63]. Besides,
a different balance of electrons, positive and negative ions is established, which can

affect both the plasma density and the electron energy distribution function (EEDF).
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In the case of helium, the discharge is supported by metastable species that generate
seed electrons by step-wise ionization or chemo-ionization [64]. Oxygen can effectively
quench these long-lived metastable species, reducing their role in the process to a minor

level [65].

In addition to the formation of filaments and increased required voltage, the behavior
of the current changes as well [37, 38]. While only a few discharge pulses were visible
without admixture, the number increases more and more with admixture. Thereby
each individual pulse becomes shorter. In addition, the current amplitudes change.
With low admixtures, the first pulse is the strongest and the subsequent pulses have
smaller and smaller amplitudes. With larger admixtures, the amplitude of the first
pulse increases significantly. The subsequent pulses, however, are significantly smaller

and no longer ordered by their amplitude.

Overall, attention must be paid to the discharge characteristics for admixtures of re-
active gases. For most industrial applications, the highest possible admixture is inter-
esting. However, a compromise must be found here, as these admixtures lead to strong
current pulses that can damage the reactor and are not necessarily energy-efficient.
Furthermore, the filamentation mode is not as suitable for the uniform treatment of

surfaces as a homogeneous discharge.
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2.2 Micro structured discharges

As previously described, the ignition of a plasma, the associated ignition voltage, and
the resulting discharge mode depend on Paschen’s law and are thus proportional to
the product of pressure and electrode gap. Since atmospheric pressure is required for
many applications, the electrode spacing is very decisive. In order to keep the ignition
voltage in a practicable range (a few 100 V) and at the same time to achieve a discharge
as homogeneous as possible, micro plasmas with electrode distances in the pm or mm
range are preferred. To achieve this in the context of DBDs, there are several reactor
geometries. In addition to the classical reactors already discussed, there are also more
sophisticated electrode arrangements such as arrays of individual micro cavities (micro

cavity plasma arrays), which are the focus of this work.

Micro cavity plasma arrays (MCPAs) typically consist of thousands of cavities in the
pm range, in which a plasma is ignited and confined. A cavity thereby resembles a
hollow cathode and neighbors at least on the bottom side, depending on the reactor
also on the sides, a grounded electrode, which is separated from the volume by a
dielectric. At the upper end, the cavity is surrounded by a powered electrode, which
is either directly exposed to the plasma or is also separated by a dielectric. Thus, the
cavities are a hybrid of volume and surface DBD. A widely used possibility to realize
MCPAs are silicon-based devices [18, 23, 25, 66]. Here, the structures are incorporated
into a silicon wafer by wet etching and the wafer is coated with various materials
(dielectric, electrode). The exact procedure can vary, resulting in cylindrical [66] or
pyramid-shaped [23] cavities, for example. Figure 2.3 (a) shows a cross-section of a
silicon-based cavity. Here, a square pyramid shape was utilized and the individual
layers, such as silicon, polyimide, nickel and silicon nitride, which serve as electrodes
or dielectrics, are demonstrated. In addition, an SEM image and a 500x500 array in

operation are shown (Figure 2.3 (b) and (c)).

Due to their ability to effectively generate UV radiation, MCPAs offer a wide range
of technical applications as VUV photolithography and nanopatterning [27]. Another
example is the generation of ozone, which is used for example in swimming pools or for

the treatment of drinking water. Furthermore, the radiation can be used to disinfect
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Figure 2.3: (a) Cross-sectional diagram of an Si microplasma device having an in-
verted square pyramid microcavity and a dielectric structure designed for ac or bipolar
operation; (b) An SEM of a single device viewed from above; (c¢) Optical micrograph
of a segment of a 500x500 array, recorded with a telescope and CCD camera. Taken

with permission from [18].

surfaces or air [27]. Even in the private sector, lamps are sold that contain a MCPA

and can produce particularly white light due to a fluorescent layer [67].

Unlike industrial applications, silicone-based arrays in science tend to have a short
lifetime of a few hours or even just minutes [23, 66]. This is because the manufacturing
process as a whole consists of many complex steps, each of which must be carried
out under very clean conditions. In the case of technical applications, large quantities
are produced with the same parameters in each case in an industrial process. In
research, on the other hand, the quantities are much smaller and production is often in-
house. In addition, there should be optical access and the parameters, such as materials
or geometries used, should be explicitly varied. These points lead to deviations or
inaccuracies in production, which show up in different ways. For example, if the array
was manufactured under impure conditions, the bonding between individual layers is
insufficient, which can significantly shorten the lifetime [66]. In addition, the dielectric
can be damaged, causing a short circuit. If there are deviations from the geometry
(in the pm range) due to the manufacturing process, the electric fields can become
particularly high at certain points. This can lead to destruction of the dielectric layer

by ion bombardment or excessive temperatures.
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Metal grid array

In addition to silicon [23, 25, 68], other materials such as ceramics [69], glass [70] or
nanoporous aluminum [71] can be micro structured to form array reactors. A recently
introduced type of MCPAs are modular constructed metal grid arrays [22, 28]. Here,
the cavities are incorporated into a nickel grid. This is held on a dielectric by a magnet
which serves as a grounded electrode. Due to the magnetic mounting, the setup is
modular, which offers a number of advantages and is ideal for research. For this reason,

the reactor is used in this work and is described in more detail below.

Figure 2.4: Schematic sketch of the metal grid micro cavity plasma array (a) and

head on photography in operation (b).

The structure of the modular constructed metal grid array is shown in Figure 2.4 (a).
A SmyCoy7 magnet (50mm x 15mm x 5mm) serves as a grounded electrode and is
embedded in a mounting made of polyether ether ketone (PEEK). On top of this is a
ZrO, dielectric with a thickness of 40 pm (e, &~ 27). The last layer consists of a 50 pm
thick nickel foil in which thousands of cavities in the pm range were cut in by a laser.
The nickel grid works as a powered electrode. The three layers, magnet, dielectric and
nickel grid, are held together only by the magnetic forces (B ~ 260 mT) between mag-
net and nickel grid. Since the gyration radius (r & 3 cm for an electron with an energy
of 6eV) is significantly larger than the mean free path (A &~ 0.6 pm), the discharge is
not influenced by the magnetic field [22]. The magnet makes the reactor modular and
offers numerous possibilities for research. For example, individual parts such as the
grid or dielectric can be removed after operation and analyzed. This opens up possibil-
ities for surface diagnostics such as microscopy or XPS. Furthermore, the modularity
allows individual parts to be exchanged without having to build a completely new re-

actor. This means that any anomalies or defects that may arise, e.g. due to inaccurate
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construction or operation under particularly critical conditions, can be corrected in a
short time. Figure 2.4 (b) shows a metal grid array during operation. In this case, four
cavity structures, each with a different cavity diameter (50-200 pm), were used. The
distance between two cavities is 200 pm and can be customized like the cavity diameter.
This has the advantage that dependencies on the dimension can be determined directly
with only one setup, which simplifies the experiments and increases the comparability

and reproducibility.

Overall, micro structured arrays, regardless of the material, provide a very exciting
area of research. In addition to the large number of possible applications, they also ex-
hibit very special discharge characteristics that deviate from classical dielectric barrier
discharges. For example, it has been observed that not all cavities ignite at the same
time, but that a wave-like ignition occurs from cavity to cavity [22, 68, 72, 73]. This
wave has a velocity in the range of km/s [74] and depends on the applied voltage and
frequency [72]. Several of these waves can occur per phase, resulting in a self-pulsing
discharge. It follows that the individual cavities can interact with each other in some
way, such as photo electron emission. Despite initial attempts at numerical model-
ing [75, 76|, the phenomenon has not yet been conclusively explained. However, the
metal grid array offers the possibility for further investigations due to its significantly
increased lifetime compared to the silicon based array [22]. Especially high temporal
resolution measurements, which are necessary for wave observation and require long

measurement times, are possible with the new design.

In addition to established research areas, the metal grid array presents opportunities
for exploring new topics. Its simple design facilitates easy modifications of the plasma
source. For instance, a concave electrode can be utilized so that the dielectric and metal
grid adapt to its shape, allowing side-view observations of the cavities and enabling
studies of discharge expansion from the cavity [22]. Alternatively, replacing the grid
structure with a channel offers optical access to the entire cavity cross-section, which
aids in observing discharge dynamics within the cavity [77]. A particularly promising
modification involves using a catalytic material on the dielectric surface [22]. For

example, MnO, can be spray-coated onto the surface, placing the catalyst in direct
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contact with the discharge, allowing for observation of their interactions. This setup
can be employed for applications such as the conversion of volatile organic compounds
(VOCs). By directing a gas flow across the cavities through a quartz cover, optical
access is maintained, and the catalyst can enhance efficiency or influence reaction
selectivity. The combination of catalyst and plasma opens up a range of reactions
that are not feasible with plasma conversion or catalysis alone [9]. Reactive species
and charged particles interact with the catalyst surface, while the plasma can clean
the surface, prevent carbon buildup, and produce synergistic effects. The modular
metal grid array is ideally suited for investigating plasma-catalytic reactions. Different
catalysts can be tested and compared at varying concentrations, and treated surfaces

can be examined using various diagnostic techniques.

Asymmetry between increasing and decreasing potential phase

As noted previously, the complex geometry of MCPAs can be
thought of as a hybrid between a volume and a surface DBD.
However, the asymmetry between grounded and powered elec-
trode leads to an asymmetric discharge characteristic. When
using an AC voltage, the increasing potential phase (IPP) is
very different from the decreasing potential phase (DPP). This
behavior was observed in both silicon-based [68, 72, 79] and
metal grid arrays [22, 77]. The distinction is most striking in
head on ICCD images of the emission. In the IPP, increased
emission can be seen at the edges of the cavity. A ring struc-

Figure 2.5:

ture is formed. In the DPP, on the other hand, the emission )
Schematic sketch

is more concentrated in the center of the cavity. This result )
of electron motion

could be confirmed by a channel device, where the cavity can
and plasma propaga-
tion in IPP and DPP

taken from [78].

be observed from the side [77]. Here it can be seen that the
discharge in the IPP glows particularly at the edges and also in
the volume above the cavity. In the DPP, on the other hand,

the discharge is very concentrated within the cavity.
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The described behavior can be explained by electron movement and is schematically
sketched in Figure 2.5. In the case of IPP, the electric field accelerates the electrons
out of the cavity or in the direction of the powered electrode at the edges. In DPP,
on the other hand, the electrons are accelerated into the cavity in the direction of the
grounded electrode. Due to the geometry, the dynamics differ substantially. In the
DPP, the attracting electrode is significantly smaller than the repelling one, resulting
in a focusing effect. In the IPP it is the other way around, which leads on the one hand
to the ring structure, but on the other hand also to a rather diffuse discharge, because

the volume into which the electrons are accelerated is much larger.

Electric fields

One of the most fundamental parameters for understanding a plasma is the electric
field. This determines the generation of all plasma species, the flow of charged particles,
their energy and interaction with surfaces. This means that by knowing the electric
field, many other plasma parameters can be derived. Due to the design of the metal
grid array, which is optimized for diagnostics, and its increased lifetime, more complex
measurement campaigns could be carried out on this reactor. This made it possible
to determine the electric field by optical emission spectroscopy (OES) using the Stark
effect [28]. Here, the emission of the discharge is analyzed so that an electric field
could be determined depending on different parameters such as voltage, frequency,
pressure, cavity diameter or time within the phase. A more detailed description of the

diagnostics follows in section 3.2.1.

Figure 2.6 shows the electric field as a function of time. In addition, the applied volt-
age, as well as the emission (PMT signal) is shown. The electric field is in the order
of 25kV em ™! and hardly changes in time within one half phase. However, a difference
between IPP and DPP of about 8kV em™! can be seen, with a stronger field in DPP.
First of all the absolute values fit very well to model calculations in similar devices [75,
80]. Furthermore, they fit to the known DBD behavior that the electric field remains
constant during a half phase. As soon as a critical field for ignition is reached, charge
carriers are transported to the dielectric. These act against the external field and shield

it. The effective field which is present during a discharge is therefore always constant.
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Figure 2.6: Time-resolved electric fields, emission an applied voltage. Conditions:
V =700V, f = 15kHz, d = 200 pm, helium flow = 2slm at ambient pressure, time-

resolution = 1ps. Adopted with permission from [28].

Nevertheless, there can be differences between the half phases, which is related, among
other things, to the diagnostic itself. The electric field is determined at the location
where the emission is highest. In the DPP, the discharge ignites enclosed in the cavity,
where the electric field is also strongest. In the IPP, on the other hand, the diffuse
discharge is widespread, even in places with a lower electric field, which explains the

difference. [28]

Other variations also show that higher fields are measured in the DPP than in the IPP.
Besides the time, the cavity diameter significantly affects the field strength, with the
electric field decreasing as the diameter increases. This is because the strongest field is
concentrated at the interface between the nickel foil and the dielectric. In smaller cav-
ities, this interface constitutes a larger portion of the total volume, resulting in higher
observed electric fields. The relationship between the applied voltage and the electric
field is particularly counter intuitive: the field remains constant or even decreases with
increasing voltage. This behavior can be attributed to the DBD characteristic, where
the external field is partially shielded by surface charges. Moreover, as the plasma
density increases with higher voltage, the shielding effect within the volume of small

cavities is enhanced, which can lead to reduced measured electric fields. [28]



28

2. Fundamentals




3. Diagnostics 29

3 Diagnostics

The following chapter is dedicated to the diagnostics employed in this work to answer
the research questions. To fundamentally characterize the discharge, electrical mea-
surements, more precisely the equivalent circuit approach, are suitable for determining
quantities such as current, voltage, power, and surface charges. The second part of this
chapter focuses on optical emission spectroscopy. First, it describes how the method
of electric field measurement via Stark shifting and splitting can be extended to de-
termine not only absolute field strengths but also the direction of the field. Next, it
is explained how optical emission spectroscopy can be used to measure atomic oxygen
density distributions and mean electron energies. Therefore, a new method called He-
lium State Enhanced Actinometry (SEA) is developed and tested on a reference plasma
source in the course of this work. The final part of the chapter is dedicated to laser
spectroscopy, which enables spatially and temporally resolved measurements of density

distributions of reactive species even outside the discharge.

3.1 Electrical characterization of a DBD

Electrical measurements of current and voltage are the most popular method to char-
acterize a discharge due to their non-invasive nature and experimental simplicity. One
of the most important parameters to compare different plasmas is the coupled power.
Especially in typical fields of atmospheric pressure plasmas, such as the conversion of
gases, the energy efficiency is crucial for the application in industry. In addition to
efficiency, current and voltage characteristics are of particular interest, as these de-
scribe the fundamental discharge behavior. In the case of dielectric barrier discharges,
the determination of surface or volume charges is also of importance, since these can

strongly influence the discharge characteristics through shielding or the memory effect.
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3.1.1 Voltage, current and power measurements

The voltage V' (t) and current I(t) can be measured using commercially available probes.
V (t) is the voltage between the live and grounded electrodes. The total current I(t)
consists of the discharge current jr(t) and the displacement current i4(t). The discharge
current jgr(t) describes the charge transfer within the gas channel. If the plasma has
not ignited at low voltages, the reactor cell behaves as an ideal capacitor C..; and the

displacement current is given by:

dV(t)

ia(t) = CcellT (3.1)

The average power within the voltage period T' can be calculated from V (¢) and I(t)

as follows:
1 to+T

:Tto

However, with this method it is only possible to determine the power averaged over a

2 V(H)I(t)dt (3.2)

voltage period. If the power is to be measured in a time-resolved manner, knowledge

of the gap voltage Uy,(t) and the discharge current jr(t) is required.
P(t) = Uy,(t)jr(t) (3.3)

In most cases, however, Uy(t) and jr(t) are not known. One way to determine the

quantities is the equivalent circuit approach, which is explained below. [81-83]

3.1.2 Equivalent circuit approach

Although electrical measurements are experimentally simple, the evaluation is not. For
an understanding of the measurements, models based on a number of assumptions are
necessary. Especially in the case of complex reactor geometries, simplifications are re-
quired to interpret the measurements. A frequently used model to investigate dielectric

barrier discharges is the equivalent circuit approach. This was introduced by Manley

in 1943 [84].

Here, charges are measured in addition to voltage and current. This is possible either
by means of measuring a voltage drop over a monitor capacitor in the circuit or by

integrating the measured current:

/Ot I(7)dT = Q(t) + const (3.4)
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However, integrating the current signal has two decisive disadvantages. Firstly, the
unknown integration constant must be determined. This can be realized, for example,
by assuming that the average charge should cancel out over a voltage period. Sec-
ondly, numerical integration can lead to deviations in the case of possibly noisy data.
For this reason, the use of a monitor capacitor is preferable. However, the size of the
capacitor must be chosen carefully. If the capacitance is too large, very low voltages
have to be measured, which can lead to uncertainties. If the capacitance is too small,
the discharge can be influenced and the voltage to be measured can be too high (for
example for the oscilloscope used). Accordingly, the monitor capacity should be sig-
nificantly larger than that of the reactor cell (C,, > Ce.). As a rule of thumb, ratios

of approximately 100:1 are favorable [83].

A key aspect of the theory is the evaluation of Lissajous figures or QV-diagrams in
which the charge Q(t) is plotted against the voltage V(). Typically, a parallelogram
is formed here for ideal DBDs. For real DBDs, there may be deviations in the shape,

which is discussed later.

(a) Parallelogram-shaped QV-diagram (b) Equivalent electrical circuit

Figure 3.1: QV- diagram (a) and equivalent electrical circuit (b) for an ideal dielec-

trical barrier discharge.

Figure 3.1 (a) shows a typical parallelogram-shaped QV-diagram of an ideal DBD. The

diagram can be divided into two different phases. The passive phase (between points
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A and B or C and D, marked green) in which the plasma is not ignited and the active
phase (between points B and C or D and A, marked orange) in which there is a plasma
in the discharge gap. It is noticeable that the effective capacitance, which corresponds
to the slope of the diagram, differs between the phases. This can be explained with
the simplest equivalent circuit diagram of a DBD (Figure 3.1 (b)). Here, a DBD is
understood as a series of two capacitances, which correspond to the discharge gap and
the dielectric. In the passive case, this means that the total capacitance of the reactor
cell can be calculated using Kirchhoff’s laws:

1 1 1

=+
Ccell Cgap C(diel

(3.5)

In the active case, however, the discharge gap is filled with a conductive plasma and is
therefore short-circuited. It follows that the effective capacitance corresponds to that
of the dielectric Cye;. With simple reactor geometries (electrode area A, distance d)

and known material properties (€, ), Cyqp and Cyie can also be calculated directly:
C =e.A/d (3.6)

However, most real reactors are so complex that an estimation without a QV-diagram
is not possible. As already mentioned, the discharge current jr and the gap voltage
U,(t) are more relevant for characterizing the discharge than the total current I(t) or
voltage V(t). These can be derived from the equivalent circuit diagram (Figure 3.1
(b)) and Kirchhoff’s laws. The gap voltage U, (t) is the total voltage minus the voltage
that drops across the dielectric Uy(t). Uy(t) can be calculated from the charge Q(t)

and Cdiel .
Q1)
Cliel

The discharge current jg(t) is the total current I(¢) minus the displacement current i,:

Uy(t) = V(t) = Ua(t) = V(1) (3.7)
Jr(t) = I(t) — ia(t) (3.8)

In the active case, i4(t) cannot be calculated with equation 3.1, but the gap voltage

U,(t) must be included:

. dU,(t)
ialt) = Coop— 2" (3.9)
If the equations are combined, an expression for the discharge current follows:
Cya dV(t
jnlt) = [1+ S0 1y — ¢, 10 (3.10)
diel
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Since Cyqp does not follow directly from the QV-diagram, equation 3.5 can be substi-

tuted, so that jgr(t) depends only on Ci ey and Cye:

1 dV(t)} (3.11)

Jr(t) = 1 Cor [I(t) — Ceer—g,—

Caiel

The charge transported through the gas gap gg(t) can also be determined directly from

the discharge current by integration:

qr(t) = ﬁ Q(t) — CeetV ()] + qo (3.12)

1
Cliel

The integration constant can be determined if q(t) is known at zero time. If zero point

is chosen so that V(0) = Q(0) = qr(0) = ¢o = 0, the constant cancels [81].

Knowing the discharge current and the gap voltage, the power can now be determined
time-resolved using equation3.3. In addition to the time-resolved power, the averaged

power can be determined from the QV-diagram by transforming equation 3.2.

1 [totT d
e [

=/ dt = Tj[v )dO(t) Tj{Q Hav (i (3.13)

Thus, the power corresponds to the area within the QV-diagram. [81-83, 85-87]

Partial discharging in real DBDs

Many real DBDs differ from an ideal DBD. Due to the numerous different applications
of DBDs, a large number of diverse, sometimes very complex geometries exists. These
can result in part of the electrode never being covered with plasma, or only under
certain conditions. This means that the assumption that C,,, would be short-circuited
when the plasma is ignited is invalid and Cgye can no longer be easily determined
from the QV-diagram. This phenomenon was studied by Peeters and van de Sanden
[85]. They used a discharge with tilted electrodes and found that Cgy,; changed with
the applied voltage, which cannot be explained by the theory of ideal DBDs. It was
concluded that the discharge volume expands with increasing voltage and thus the ca-
pacitance changes. In order to be able to use the formulas derived above also in this

type of discharges, the equivalent circuit must be modified.
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Figure 3.2 shows an equivalent circuit
adapted for partially discharging DBDs.
Here, the equivalent circuit of an ideal
DBD has been extended by two addi-
tional capacitors. The idea behind this is
to split the reactor into a non-discharging
() and a discharging () part. The sum

Figure 3.2: Equivalent electrical circuit for
of both parts must be a+ 3 = 1 under all

a partially discharging DBD.
conditions. Thus, the respective capaci-
tances are dependent on the expansion of the discharge volume. As already mentioned,
the slope of the active phase in the QV-diagram no longer corresponds to Cgy.;, but to

an effective capacitance (4. Cgier can become at most as large as Cy; with complete

expansion of the plasma (o =0, § = 1). Accordingly, the following applies:
Caiet = aCeeyp + BC4jer (3.14)

and

Caiel < Clije (3.15)

From this, the plasma expansion [ or the non-discharged part a can be derived as

follows:
C'diel - Cclz'el
0= = 3.16
Cdiel - Ccell ( )
Cdiet — Ceent
= 3¢ oo 3.17
6 Cdiel - Ocell ( )

In order to investigate the effects on the gap voltage, discharge current and charge,
the two new capacitors can be combined into a single parasitic capacitance C, for

simplicity:

L 2 (3.18)
Cp N ozC'gap aCdiel ’

The resulting current must be corrected for the fraction that flows off via the parasitic

capacitance:

jcorr - ](t) - Cpi (319)

The same applies to the charge:

Qcorr - Q<t> — CpV(t) (320)
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¢ can thus be rewritten as (.o and Cgier:
Ceett = Ceen + Cp (3.21)

Caiet = Caiet + Cy (3.22)

Using these relationships, gap voltage and discharge current can be determined equiv-

alently to the ideal DBD:

00 = e [V - 2] (323
 Ldiel diel
1— S
jR(t) = 1_72‘?; [I(t> - Ccelld‘git)‘| (324)
Cdiel

(), is usually not known. However, if Cy; can be estimated, the expressions can also

be represented using the coefficients o and f.

_ aCcell . 1
U,(t) = [1+ : Odiell V(D) = 550 (3.25)
Jr(t) = [1 + gi:j lf(t) - aCce”d‘;Et)] — BCgapd‘(/iit) (3.26)

From o + f = 1 and a substitution of Cy,, it follows that the discharge current is
independent of a and 8 and thus corresponds to that of the ideal DBD. Accordingly,

also the charge does not change in comparison to the ideal DBD.

N av (1)
]R(t) - 1 — % [I<t) - Ccell dt ] (327)
qr(t) = 1_10” [Q(t) — CeauV (1)) (3.28)
Cliel

More detailed explanations and precise derivations of the formulas can be found in the

literature. [81-83, 85, 8§]

Surface dielectic barrier discharges (sDBDs)

Previously, it was assumed that the expansion of the discharge remains constant within
a voltage period, even though it may change with the applied voltage amplitude (partial
discharging). But, this is only correct in the case of a plane parallel configuration.
Since the gap width is constant here, the plasma ignites at a certain ignition voltage.
However, this changes with more complex geometries. Especially the behavior of s-

DBDs differs drastically from this approach. Here, the plasma initially ignites close



36 3. Diagnostics

to the powered electrode, but can then spread over a large surface area as the voltage
increases. This expansion occurs within a voltage period, causing the capacitance
Ciier to change with time. As a result, the QV-diagram changes its shape from a
parallelogram to an almond. This behavior is indicated in Figure 3.3. On the right
side, a schematic sketch of an sDBD is shown. Here, the plasma propagates further
and further on the surface between the time points t=1 and t=3. This characteristic
is also reflected in the almond-shaped QV-diagram (left), where the slope becomes
steeper with each time point. This makes the evaluation of the QV-diagram more
complex. On the one hand, clear edges within the diagram that separate the active
from the passive phase may disappear. Then other methods, for example the use of
a photomultiplier, must be used to find the ignition times. On the other hand, the
evaluation of (y4;; is more complicated due to the time dependence. For example, an
average could be taken or the maximum at the end of the period could be used. The
latter is necessary, for example, if Cy;,; is to be determined from the QV-diagram and

the entire gas gap should therefore be short-circuited. [82, 83]

(a) Almond shaped QV-diagram (b) Partial discharging of a sDBD.

Figure 3.3: Equivalent circuit approach for sDBDs with almond shaped QV-diagrams,

where (g is (a) time- or (b) discharge expansion-dependent, respectively.
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3.1.3 Determination of surface charges

As shown before, surface charges are essential for the understanding of DBDs. They
significantly influence the ignition and discharge behavior and are responsible for the
memory effect. Furthermore, they play a role in plasma conversion if they interact
with catalytic surfaces. For this reason, an analysis of these charges is crucial for the

applications of DBDs in the context of plasma catalysis.

Various diagnostics are available to measure surface charges in dielectric barrier dis-
charges. However, not every diagnostic is suitable for every type of DBD. For instance,
when the discharge operates with a steep rising voltage ramp, surface charges can be
estimated from the delay between the voltage and the current pulse [89]. Another
approach is to scan the dielectric after the plasma operation with a voltage probe [90].
This method requires the dielectric to be accessible and involves a time lag between

discharge and measurement.

A method that enables real-time measurement utilizes the Pockels effect [51, 91]. In
this technique, a BSO (bismuth silicon oxide) crystal serves as the dielectric, becoming
birefringent when subjected to an electric field. The polarization of reflected light then
depends on the applied electric field created by surface charges. In a reactor setup, the
crystal dielectric is illuminated with polarized light, for example through a transparent
counter-electrode. The reflected light is recorded by an analyzer and an ICCD camera,

allowing for time- and spatially-resolved charge measurements.

While the method offers valuable insights into the fundamental properties of DBDs and
surface charges, it is not without limitations. Its applicability is constrained by the
inability to utilize it with complex electrode geometries and the notable divergence in
the properties of the crystals from those of the materials commonly employed, includ-
ing a higher relative permittivity and a lower secondary electron emission coefficient.
Moreover, the impact of the crystal thickness on the outcome is a crucial factor. To
ensure a robust signal-to-noise ratio, a minimum crystal thickness must be selected,
which introduces additional complexities in integrating the component into existing

reactor designs.
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Laser photodesorption for active surface charge manipulation

Figure 3.4: Laser photodesorption effect for one discharge breakdown per half-cycle:
temporal behavior of applied voltage and gap voltage (top), discharge current (center),
and surface charge density (bottom) for the discharge without laser pulse (gray lines)
and with laser pulse (colored) marked by an arrow at the time 230 ps. The laser beam
hits the cathodic dielectric that is charged with residual surface electrons at this time.
Applied voltage amplitude U = 0.8kV. Laser: A = 532nm, E = 70 mJ. Taken with

permission from [92].

An even more advanced diagnostics for determining surface charges, also during op-
eration, is laser photodesorption. Here, a laser is directed at the dielectric to remove
weakly bound charges from the surface. The detached charges can then be collected
with an additional measuring electrode, for example. However, the reactor geometry
must be adapted for this. A simpler possibility is the equivalent circuit approach de-
scribed above. Here, gap voltage, discharge current and transported charge can be
determined in real time. This allows both, the charge itself and the influence on the
discharge, to be monitored. For example, the detached charges have a different effect
on the memory effect and thus also influence the gap voltage and the discharge cur-
rent in the following pulses. However, in order not to influence the general discharge
behavior (apart from the surface charges) with these diagnostics, the correct choice
of laser is important. Firstly, the photon energy must be high enough to dissolve

surface charges (around 1eV [93, 94], and secondly, the laser should not induce any
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processes in the volume (e.g. photo detachment of negative oxygen ions at 1.46 eV [95]).

An example of this method is shown in Figure 3.4. Here, it can be seen that there is
no change in the charge signal when the laser is incident. This is due to the fact that
only a few charge carriers are released and the change in the total density is below the
detection limit. However, the detachment of the charges becomes clear in the following
pulses. Here, the discharge initially ignites earlier than without the laser, since the
detached charges in the volume support the ignition. In the following pulse, however,
the picture is different. Since the ignition after the laser was supported by free charge
carriers, the discharge pulse is weaker overall, so that fewer charges are applied to the
dielectric. This reduces the memory effect and higher voltages are required for ignition.
Nevertheless, after a few periods, equilibrium is restored. It becomes clear that with
this method, the surface charges and their influence on the discharge can not only be

investigated, but the discharge can even be actively manipulated. [92]

Surface charge determination using the equivalent circuit approach

As shown before, charges can in principle be determined using the equivalent circuit
approach. This is generally possible for most DBD reactors without changing the reac-
tor (Pockels effect, subsequent scanning of the dielectric). However, this measurement
is always integrated over the entire electrode surface, so that no spatial resolution is
possible. Furthermore, the measured charge is the charge transported by the discharge
(integrated discharge current). Under certain conditions, this can differ from the sur-
face charge, since, for example, not all charge carriers reach the surface and some

remain in the volume.

There are various ways of separating the volume charges from the surface charges dur-
ing the evaluation. If, for example, only one of the charge types (volume or surface)
is influenced from the outside, the change can be used to infer the other. An example
of this is the laser detachment discussed above, in which only surface charges are to
be manipulated with the laser. In contrast, an exclusive manipulation of the volume
charges can be achieved by a quick disconnection of the voltage supply. This extin-

guishes the discharge and volume charges are no longer moved by external electric
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fields and recombine or diffuse from the volume within a short time. Nevertheless, the
surface charges are bonded and can remain on the surface for a number of seconds or

even longer.

3.2 Optical emission spectroscopy

In addition to the previously described non-invasive electrical measurements of voltage,
current, and charge, the light emitted by the discharge can be analyzed through opti-
cal emission spectroscopy (OES) [96, 97]. In OES, light is separated into its spectral
components using a spectrometer, and the wavelength-dependent intensity distribu-
tion is investigated. The spectral characteristics can vary significantly depending on
the plasma type. For example, thermal plasmas, like the sun, exhibit a continuous
blackbody spectrum dependent on temperature, while non-equilibrium plasmas typi-
cally show a non-continuous line spectrum caused by atomic or molecular transitions.
Here, an excited species transitions to a lower energy state, emitting a photon with en-
ergy corresponding to the difference between the energy levels. In molecules, numerous
vibrational and rotational transitions result in band structures in the spectrum due to
overlapping transitions. In contrast, atoms or ions display fewer transitions, leading
to spectra with distinct lines, which, however, can also include multiple transitions in

SoI1e cases.

Each optical transition appears in a spectrum with a certain intensity at a central wave-
length and specific width. These characteristics are influenced by parameters such as
the Einstein coefficient for spontaneous emission, as well as fundamental plasma prop-
erties. For instance, the position of the peaks can indicate the species present in the
discharge. The width of the peaks can provide information about the gas temperature
[98] or electron density [99]. The intensity ratio of different lines can be used to infer

the densities of individual species [100] or even the electric field [101].

Although OES offers diverse diagnostic possibilities, its applicability depends on the
specific discharge being examined. Certain diagnostics are only possible with specific

transitions, meaning the relevant species must be present in the plasma and detectable
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in the spectrum. Additionally, interfering factors such as overlapping lines can compli-
cate the analysis. One advantage of OES is that most discharges are naturally bright
enough, providing sufficient signal strength for the method. This makes it applicable
to very small discharges with limited optical access, such as microplasmas. However,
strong emission does not guarantee homogeneously distributed intensity, leading to
results weighted by location-dependent intensity distribution. Consequently, regions
with stronger emission may disproportionately influence the results, despite a large

area being integrated.

In contrast to laser spectroscopic methods or absorption spectroscopy, OES does not
require an additional light source. Excitation of species is typically achieved through
electron collisions within the discharge, and emission occurs via spontaneous emission
when the state de-excites. This has two main advantages: the experimental setup is
simplified as only the plasma light needs to be detected, and the method is non-invasive,
so the discharge remains unaffected by the diagnostics. Despite its experimental sim-
plicity, OES evaluation can be complex. For example, to infer electron energy, informa-
tion is typically derived from the excitation process. However, since only the emission is
directly measurable, a collisional-radiative model must be employed. This model links
the excitation to the subsequent de-excitation by spontaneous emission or other pro-

cesses such as collisions, allowing for an indirect determination of excitation properties.

In conclusion, OES is a non-invasive, easy-to-use diagnostic tool for determining fun-
damental plasma parameters. However, its limitations are mainly dependent on the
specific discharge under investigation and the implemented model. The following sec-
tions describe three OES diagnostic schemes used in this work in more detail: Stark
splitting to study the electric field, actinometry to determine atomic oxygen densities,

and the measurement of gas temperatures by molecular band analysis.

3.2.1 Stark effect for electric field component detection

The electric field is a crucial parameter in a plasma, influencing both ignition and
the transport of charged particles during discharge. Therefore, accurate diagnostics

are essential. One commonly used technique is electric field induced second harmonic
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generation (E-FISH) [102], but it involves a complex laser setup. This method is par-
ticularly challenging for microplasmas due to the difficulty of adjusting the laser in the
pm range without unwanted scattering. Moreover, it is not suitable for single cavities
as it requires optical access from two sides. An alternative is optical emission spec-
troscopy, which often uses nitrogen line ratios [101]. However, this approach relies on
complex models with assumptions about electron density and energy, and it requires
the presence of nitrogen in the discharge. Another option is to use the Stark effect,
which causes the shifting and splitting of spectral lines based on the electric field [28,
103-105]. This method, grounded in quantum mechanical calculations [106], requires
fewer assumptions about the plasma. The Stark effect method is described in detail

and utilized in this work.

The splitting of energy levels under the influence of an electric field follows from a
perturbation-theoretical calculation of the stationary Schrodinger equation and can
thus be theoretically determined as a function of the electric field [106]. The displace-
ment of the energy levels leads to the fact that at a transition from a higher to a lower
level light is emitted with a wavelength which depends on the displacement and thus
on the electric field. Energy levels are usually described with three quantum numbers,
the principal quantum number n, the azimuthal quantum number /[ and the magnetic

quantum number m. For an optical dipole transition the selection rules apply:
Al = +1 (3.29)

Am =0, +1 (3.30)

In addition to dipole transitions, quadrupole transitions also occur in the helium atom
in the presence of strong electric fields. These are characterized by the fact that
they violate the selection rules described above and are therefore also called forbidden
transitions. The wavelengths of the forbidden and allowed transitions are shifted in
dependence of the electric field. While the allowed lines move to longer wavelengths,
forbidden lines move to shorter wavelengths. Thus, the electric field can be determined
not only from the displacement of a state (or the corresponding wavelengths) but also
from the difference between a forbidden and an allowed line. This has two advan-

tages. First, an absolute wavelength calibration is not mandatory, since only relative
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wavelengths are needed. Second, the experimental uncertainty is reduced, since the

resulting larger shifts are farther from the detection limit of typical spectrographs.
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Figure 3.5: Schematic sketch of possible (a) allowed and (b) forbidden transitions

depending on magnetic quantum number. Taken with permission from [28].

The exact splitting depends on the transition chosen. For diagnostic purposes, a com-
promise between strong splitting and high intensities (especially of the forbidden sub-
transitions) must be made. Furthermore, the line pair should not be disturbed by
other lines so that an interpretation of the spectra is easily possible. Such a compro-
mise is given by the allowed transition at 492.19nm (*D — 'P° Al = —1) and the
forbidden transition at 492.06 nm (*F° — 'P° Al = —2). Furthermore, these transi-
tions have also been applied in previous work on the plasma source used [28]. A more
detailed discussion on the selection of the transitions is given elsewhere [28, 104, 107].
The number of subtransitions of the selected tran-

sitions results from the selection rules and is shown

Table 3.1: Summary of transi-
in Figure 3.5. In total, there are nine allowed and

tions and corresponding polarisa-
nine forbidden transitions. Since in the electric

tion states depending on upper
field the degeneracy is not resolved with respect

magnetic quantum number [28].

to m, the sign can be neglected (marked in grey).
m (upper state) Transition

This leaves five transitions, which are listed in ta-

2 2-1]°
ble 3.1. The transitions are marked with ¢ and , [2-1]
. . . . 1 [1-1]7,[1-0)
respectively, which describes the type of polariza-
0 [0-0]7,[0-1]7

tion, which is discussed in more detail below.
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Figure 3.6: Displacements for allowed and forbidden transitions depending on the
electric field, based on the calculation of Foster [106]. The reference value (dotted
line) is the position of the field free allowed line. Adapted from [28, 107].

The theoretical shift of the wavelength as a function of the electric field was calculated
as early as 1927 [103, 106]. It follows from the calculation that the lower states into
which de-excitation takes place are only weakly influenced by the electric field. Thus
the splitting is mainly dependent on the magnetic quantum number of the upper state.
This becomes particularly clear when the displacement of the individual subtransitions
is plotted as a function of the electric field (see Figure 3.6). It can be seen that as
the field increases, the individual subtransitions move further and further away from
the field-free line at 492.19 nm. Nevertheless, at large fields, no distinction is observed
between different magnetic quantum numbers in the lower state. Consequently, the
points in Figure 3.6 have been grouped together for all potential magnetic quantum
numbers in the lower state (m = 0 or m = 1). Moreover, the distinction between the
various forbidden transitions is in general very small, so that these transitions can also
be combined (lower black line). The same is true for the allowed transitions where
the upper state involves m = 0 or m = 1 (upper black line). This means that the
original ten sub-transitions can be approximated by three spectral lines (black lines)
and the field free line (dottet line). The dependence on the electric field can be fitted
in each case with a 2nd order polynomial, where the dependence is almost linear. A
more detailed description of the diagnostics and their application to the microplasma

array can be found in the literature [28, 103-105].
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Polarization and its role in determining electric field components

As noted above, the emitted light is polarized. The type of polarization depends on the
change of the magnetic quantum number. In the case of a transition with Am = 0, the
light is linearly polarized parallel (7) to the electric field. In the case of Am = £1, the
light is vertically circularly polarized (o). Some works [103-105] exploit this property
by using linear polarization filters that can filter out the ¢ component. This makes the

spectrum easier to analyze.

However, whether components can be filtered out also depends on the reactor geometry
and the field distribution within the reactor. In the case of micro cavities, for example,
this is not possible, as shown in Figure 3.7. At the edges of the cavity, the field points
towards the center of the cavity, while inside the cavity it points from the dielectric
(bottom) towards the opening (see Figure 3.7 (a), row 1). The second line shows the
polarization of the emitted light. The component pointing to the opening generates
only o-polarized light when viewed from above. If a polarizing filter is used, it becomes
clear that no matter in which direction the filter is turned, both m- and o-polarized
light is observed. This is due to the complex field structure and the geometry of the

reactor and means that the spectrum cannot be simplified by a filter. [107]

However, if a reactor is designed in which the emission can also be observed from
the side, for example through a channel instead of a cavity, polarization can also be
exploited here. This is sketched in Figure 3.7 (b). Here, still not all o- or 7-transitions
can be suppressed, but the direction of the field component can be inferred. If the
polarization filter is not rotated (g, = 0°), the shift of the 7-transition can be assigned
to the field component in x-direction and that of the o-transition in y-direction. If the
polarizer is set to ¢,, = 90°, the assignment is the other way around. This allows to
determine not only the absolute field strength but also the dominating direction of the
field. For diagnostics a transition should be chosen which is exclusively composed of
one polarization type. For the state considered here, the allowed [2,1]7 transition is

therefore the only possibility. [107]
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(a) top view

(b) side view

Figure 3.7: Schematic sketch of the directions of the electric field, associated emitted

polarization and influence of a polarization filter as seen from above (a) and from the

side (b) in a MCPA taken from [107].

Fitting routine to calculate the electric field strength and direction

In order to be able to determine an
absolute field strength or even a direc-
tion using polarization from the mea-
sured spectrum, a fitting is required.
For this purpose, a superposition of
four Lorentz profiles is chosen (one
each for the transition clusters de-
scribed above and one for the field-
free component). The field-free compo-
nent is necessary because in a plasma,
regions can occur in which the field
can be completely shielded by free

charges.
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Figure 3.8: Measurement and fit of the
492.19nm line. Adapted from [107].
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Free parameters are the electric field, the half-width (FWHM) of the profile, and the
amplitudes. The electric field in this case is directly dependent on the displacement of
the lines, i.e. the central wavelength (see Figure 3.8). If the measurement is carried
out from the side with a polarization filter, the assumption of a constant electric field
for all sub-components is no longer given. In this case, different field components are
measured for the different types of polarization. One way to take this into account
is to determine the distance of the [2,1]7-transition to the unshifted line. Since this
unshifted line is not visible in the spectrum in most cases, a precise calibration of the
spectrometer must be performed. Figure 3.8 shows an example measurement of the
492.19 nm line, as well as the fit used. The two allowed, the forbidden and the field-
free transitions become clear. The fit of the combination can reproduce the measured

values properly. In this case, an electric field of 24.77 £2.20kV cm ™! results.

The shape of spectral lines is typically influenced by various broadening mechanisms,
especially under atmospheric pressure. These include Doppler broadening, resonance
broadening, Van der Waals broadening, Stark broadening, and natural broadening. In
addition, each spectrometer has an instrument profile. An estimation shows that for
the parameters used in this work, only the resonance broadening and the instrument
profile make a contribution to be taken into account [28, 107]. Since the lines are

shifted only minimally, it can be assumed that all transitions considered have the same

half-width.

3.2.2 Helium state enhanced actinometry (SEA)

The helium state enhanced actinometry diagnostics was developed in the course of this

thesis. Parts of this chapter have already been published [108-110].

The generation of reactive species is key to many applications of non-equilibrium plas-
mas. In plasma catalysis, for example, atomic oxygen can interact with both the gas to
be treated and the catalytic surfaces used. To understand and optimize the processes,
the absolute densities need to be monitored. Typically, this can be done by using laser
spectroscopic measurements, such as Two-Photon Absorption Laser Induced Fluores-

cence (TALIF). However, this method is very complicated and costly. A laborious
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laser setup is required, as well as a complex calibration procedure, which makes the
diagnostic unsuitable for industrial applications. Furthermore, especially in the case
of microplasmas, it is challenging to guide the laser beam into and the fluorescence
signal out of the discharge due to the small dimensions and limited optical access. An
alternative method for diagnostics is optical emission spectroscopy, which can be used

to quantify atomic oxygen densities through a technique called actinometry.

Originally designed for silicon etching processes, the actinometry approach is known
for its simplicity [100, 111-113]. In this method, the density of atomic oxygen is cal-
culated by analyzing the intensity ratio between two specific spectral lines. These
spectral transitions are associated with the target species (atomic oxygen in this case)
and an actinometer gas with a known density, often argon. The selection of excited
states for analysis is based on their similar energy dependencies and thresholds of the
electron impact excitation cross-sections. Two commonly utilized states are the atomic
oxygen state O(3p?P) (A=844.6nm) and the argon state Ar(2p;) (A=750.4nm). The
basic actinometry approach assumes that the excited levels of both O and Ar states
are solely populated by direct electron impact excitation from their respective ground
states. This approach disregards processes like dissociative electron impact excitation
during electron collisions with molecules or excitation from metastable states. It’s im-
portant to note that there are additional assumptions and prerequisites outlined in the
literature that need validation before applying this diagnostic method [100]. These
assumptions generally hold true only under specific conditions and for particular types

of plasma sources.

However, especially dissociative excitation can make a large contribution to the popu-
lation of excited atomic oxygen. To account for this, the shape of the electron energy
distribution function (EEDF) and the mean electron energy would have to be known
either from measurements or model calculations. But in most cases these are not

available. [100]



3. Diagnostics 49

Energy resolved actinometry (ERA)

A more sophisticated approach, the energy resolved actinometry (ERA), was presented
by Greb et al. [114, 115]. Here, actinometry is complemented by a third state O(3p°P)
(A=777.4nm). Furthermore, a two-term approximation Boltzmann equation solver
BOLSIG+ [116] is used to determine the shape of the EEDF, as well as the resulting
effective rates for electron impact and dissociative excitation. By comparing experimen-
tally determined excitation rates with the calculated values, the atomic oxygen density
and the mean electron energy can be determined. A benchmark against TALIF mea-
surements as well as numerical simulations shows a good agreement of the results [114].
Nevertheless, it is discussed in the literature that the additional oxygen state, O(3p°P),
included in ERA can be populated via step-wise processes involving metastable oxygen
atoms O(3s°S° — 3p°P) or molecules Oy(a'A,) in addition to electron impact excita-

tion and dissociative excitation from ground state atoms and molecules [100, 117].

To check the influence of secondary processes mechanisms besides electron collision
excitation and de-excitation by spontaneous emission, phase-resolved (PROES) mea-
surements of the excitation were performed in the course of this thesis. The COST
reference microplasma jet is used as plasma source [118]. This reactor is a micro at-
mospheric pressure plasma jet (PAPPJ), which consists of two 30 mm long and 1 mm
wide stainless steel electrodes to which an rf-voltage is applied. The discharge gap is
1mm wide and enclosed by quartz panes. It was developed as a reference source to
ensure the comparability of results from research groups all over the world. Due to
its reproducibility, the COST reference microplasma jet is widely used and well char-
acterized [118, 119]. The PROES measurements were acquired by an ICCD (Andor
iStar DH334T-18U-73) equipped with a tunable filter (VariSpec NIR-RM-HC-20). The

setup is described in more detail in chapter 4.

The excitation F;(t,z) can now be calculated from the time and spatially resolved

intensity I;(t, z):

Bt z) = Tjo <dm((1i, x) + Telffni(t, x)) (3.31)
n, o Lith %) (3.32)
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Here, ny is the ground state density, n; is the excited state density, 7.ss is the effective
lifetime of excited state i, A;; is the corresponding Einstein coefficient, and hy; is the

energy of the emitted light.

Figure 3.9: Phase resolved excitation into the states He(33S), Ar(2p;), O(3p°P) and
O(3p3P) in the COST reference microplasma jet. Conditions: 1slm He + 0.5% Oy +
0.05% Ar, 270V, f = 13.56 MHz.

The results for different states are shown in Figure 3.9. During one rf-period two
excitation maxima are observed. Both occur at the time of high current, when the
sheath expands at the grounded electrode and collapses at the powered electrode. At
this time within the rf-period, the observed excitation pattern is similar to the electron
dynamics observed in low pressure electronegative CCPs [120, 121], where electrons are

accelerated by the combination of a strong drift electric field in the plasma bulk and
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ambipolar electric fields on the bulk side of the sheath edges. In the case of helium,
a strong excitation can also be seen on the opposite side of the respective maxima.
This is caused by electrons generated inside the sheath via Penning ionization as a

consequence of helium metastable excitation.

To compare the different excitations, it was integrated over the spatially resolved di-
mension. Figure 3.10 shows the excitations as a function of time. Here, another
difference becomes apparent. The states He(33S), Ar(2p;) and O(3p®P) are highly
modulated and almost not excited between the maxima. This indicates that single
step electron impact processes dominate their formation and that their effective decay
rates are of the same order. The state O(3p°P), on the other hand, is less modulated
and is still populated between the maxima. The lower modulation could, in principle,
be explained either by stepwise excitation of the O(3p°P) state by metastable atoms or
molecules or by lower collisional quenching. The latter can be excluded by comparing
the collisional quenching rates constants with molecular oxygen as quenching partner

(koy777 = 10.8x10716 m3s™! [122], ko, gaa = 9.4x 10716 m3s~1 [123]).

It follows that the lower modulation
may be explained by an additional
dissociative excitation channel for the
formation of the O(3p°P) state via
metastable molecules as suggested by
Katsch et al.  [100], or stepwise ex-
citation via metastable atoms as sug-
gested by Caplinger et al. [117].
The case for metastable atoms is sup-
ported by the much larger cross sec- Figure 3.10: Spatially integrated time re-
tion for electron impact excitation of the solved excitation into the states He(3%S),
metastable O(3s°S°) — O(3p°P) (emis- Ar(2p1), O(3p°P) and O(3p°P) in the
sion at 777nm), when compared with COST reference microplasma jet. Condi-
electron impact excitation from O(3s?$°) tions: 1slm He + 0.5% Oz + 0.05% A,
— O(3p3P) (emission at 844nm), as re- 270V, f=13.56 MHz. Adapted from [108].

ported by Barklem [124]. In addition, the
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lifetime of O(3s°S°) can be estimated under the conditions employed using the rate con-
stants for collisional quenching given in reference [125] for He (1.8x107*'m?s™!) and
Oy (2.2x107%m3s71). This is approximately 37ns. Therefore, it can be concluded
that O(3s°S°) can survive for a significant fraction of the radio frequency period, dur-
ing which it could contribute to step wise excitation. From these simple arguments, it
is plausible that step-wise excitation O(3s”S°) contributes to the emission at 777 nm
under our conditions. However, to properly quantify the role of this process would

require a more detailed model that also considers the density of this state.

Development of new diagnostics: helium state enhanced actinometry (SEA)

Incorporating metastable excitation into the actinometry approach is not straightfor-
ward. To reduce the uncertainty due to neglect, helium state enhanced actinometry
(SEA) is introduced in the course of this work. Here, the previously used oxygen state
O(3p°P) (A=T777.4nm) is replaced by a helium state He(33S) (A=706.5nm). This has
several advantages. First, as discussed earlier, the uncertainties due to metastable ex-
citation can be reduced by the choice of the state. Furthermore, the excitation energy
changes from 10.7eV to 22.7eV which extends the range of the EEDF that is probed
and improves the energy measurement. By measuring the three optical transitions,

two emission intensity ratios can be formed.

Isas  fo, Vsaa Ggas 210ksas a(€) + Ksaa e (€)
=2 — (3.33)
I7s0 f Ar V750 Q750 k‘?so,d(ﬁ)

I706 _ fHe V706 706 k706,d(€) (3 34)

2
I750 Jar Vis0 azso k750,d(5>
The emission of a transition depends on the fraction of the species in the total gas

mixture f, the respective dissociation degree ro = [O]/(2[Os]), the photon energy
hvy and the energy-dependent effective excitation rates ky(e) calculated by BOLSIG+
[116]. Factors ¢; and ¢, indicate calibration factors that compensate for the wavelength-
dependent sensitivity of the setup. The indices d and de indicate direct electron impact
excitation and dissociative excitation, respectively. Collisional quenching was consid-

ered for the optical branching ratio of the observed fluorescence transition (i — k):
_ Ak
A+ 2q kqng

where A;;. is the Einstein coefficient for spontaneous emission, A; the total spontaneous

(3.35)

ax

emission decay rate, k, the quenching rate coefficient and n, the absolute density of
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a quencher. Quenching rates for oxygen and argon can be found in the literature
[122; 123, 126]. For the helium state, quenching rates by helium, argon and oxygen
are unknown. However, it can be expected that the quenching by a molecular gas
such as oxygen is significantly stronger than by atomic gases. Here, we assume that
the quenching by molecular oxygen is of the order of molecular hydrogen, for which
quenching rates are available [127]. In any case, for oxygen admixtures below 1% as

considered in this work, collisional quenching does not modify the optical branching

ratio significantly, although deviations should be considered for larger admixtures.
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Figure 3.11: Exemplary calculated intensity ratios for (a) ERA: I'777/I750 and Igs/ I750,
(b) SEA: I706/I750 and Ig4s/I750 depending on the degree of dissociation ro and the
mean electron energy e. Numbers on the curves indicate the fixed intensity ratio.

Conditions: 1slm He + 0.5% Oy + 0.05% Ar; Ty, = 350 K. Adapted from [108].

For these calculations, the cross section sets for He and O, from the S.F. Biagi’s Fortran
code version 8.97, Magboltz database (LXCAT) [128] were used as input to BOLSIG+
[116]. In addition, the cross section for direct electron impact excitation of the Ar(2p;)
state was taken from [129], while the cross sections for direct and dissociative excitation
of the O(3p®P) and O(3p°P) states were taken from [130] and [131], respectively. This
combination of cross sections is chosen here for consistency with previous works on
ERA [114, 115], and are also comparable with those used in other actinometry studies
[117]. However, it should be noted that other cross sections are available in the litera-
ture and that a different combination of cross sections is likely to change the absolute

densities and mean electron energies inferred from the actinometry calculations.
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Figure 3.11 shows example solutions of equations 3.33 and 3.34 as a function of the
degree of dissociation and the mean electron energy for the conditions in the COST
reference microplasma jet. Each contour represents a fixed intensity ratio which can
be measured. A solution of the equation system represents an intersection between
two intensity ratios in Figure 3.11. While Figure 3.11 (a) shows the ratios using the
oxygen 777nm line, Figure 3.11 (b) shows the ratios using the helium 706 nm line. In
this context, the additional benefit of SEA utilising the helium line becomes evident.
The intensity ratio of helium and argon depends only on the mean electron energy but
not on the dissociation degree. This leads to the fact that the contour lines in Figure
3.11 (b) intersect nearly perpendicularly. Using the oxygen line, however, the intensity
ratios are nearly parallel under commonly used conditions for atmospheric pressure
plasma jets (He 4+ 0.5% Os), which makes it more complex to find unique solutions of

the equation system [132].

Typically, excitation ratios are used for ERA instead of simple time and space inte-
grated intensities. The necessity for this is obviated when using SEA, as can be seen
again in Figure 3.10. Locations and times with maximum electron heating can be
identified, since the fraction of single step electron impact processes in the excitation
is highest here. This reduces the uncertainty due to other excitation mechanisms such
as metastables, which is particularly important for the state O(3p°P). However, if the
other three states He(3S), Ar(2p;) and O(3p®P) are used, where the phase-resolved
measurements imply that single step electron impact processes dominate at all times,
time and space-averaged measurements become possible. This is a major advantage
of SEA over ERA. On the one hand, no complex ICCD setup is needed, but a spec-
trometer is sufficient. On the other hand, the diagnostics become accessible for a wide
range of plasma sources, including those operated at kHz frequencies, where the usually

required costly ns-resolved measurements are simplified.

Benchmarking the new method against TALIF measurements

To qualify the SEA method, a benchmark against TALIF measurements is performed
in the following. The setup used for TALIF, the performed calibration procedure
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and an estimate of the accuracy are described in detail in reference [133, 134]. For
actinometry measurements, a spectrometer (Avantes AvaSpecULS2048x64TEC-EVO
2011261U1) with an optical fiber (OceanOptics QP600-2-UV-BX) is used. The spec-
trometer has been relatively calibrated with a known light source (OceanOptics DH-
3PLUS-BAL-CAL) and can resolve the spectral lines used to separate unused lines
(0.3 nm resolution). To minimize uncertainties due to the low argon flows, a mass flow
controller (Analyt) with a maximum flow rate of 1sccm was used to precisely control
small admixtures. All measurements are carried out in the center of the jet (z = -

15mm).

A comparative analysis between the classical actinometry approach, energy resolved
actinometry, state enhanced actinometry and TALIF is shown in Figure 3.12 (a). The
atomic oxygen density was determined in dependence of the applied driving voltage
using the different methods. The confidence intervals of the actinometry approaches
result from the size of the parameter range of dissociation degree and mean energy
that are consistent with the solution of the system of equations. The accuracy of
the TALIF measurements is based on the reproducibility of the data, as well as the
noble gas calibration with xenon, which is described in more detail elsewhere [133].
Systematic errors that could affect the absolute densities, such as the choice of the
two-photon excitation cross section ratio are not included in the confidence intervals

[135).

The TALIF measurements show an approximately linear increase of the atomic oxygen
density from 1 to 3x10?'m~3 between 170 and 270 V. Both, the trend and the absolute
value of the density are comparable to previous works [133, 134]. In contrast, the clas-
sical actinometry approach shows significantly higher densities (up to 13x10%'m=3).
This was expected, since the dissociative part of the excitation is not taken into ac-

count and therefore the density is overestimated.

As described above, both time-resolved and time-integrated measurements can be used
for actinometry. To underline the difference between time-resolved and time-averaged

measurements, the intensity ratios were modified. Here, a time-resolved measurement
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Figure 3.12: Atomic oxygen density (a) and mean electron energy (b) determined by
various methods as a function of applied voltage. Colored areas: confidence intervals.

Conditions: 1slm He + 0.5% Os + 0.05% Ar. Adapted from [108].

is evaluated and the ratio between the intensity ratios at the maximum and the time-
averaged intensity ratios is determined. This results in a correction factor that compen-
sates for the difference between time-resolved and time-averaged measurements. The
corrected values are marked with a star. It is noticeable that the difference between
corrected and uncorrected values is significantly greater in the case of ERA than in the
case of SEA. This is mainly due to the modulation of the excitation described above.
In the case of the intensity ratio I777/I750, for the data shown in Fig 3.10, the differ-
ence between time-resolved ratio (defined as the ratio between the absolute intensities
at the time of maximum emission) and the time-integrated ratio (defined as the ratio
between the absolute intensities averaged over one cycle) is 45%. Accordingly, when
using the O(3p°P) state, a time-resolved measurement is required in order to use emis-
sion / excitation ratios at the time of maximum emission when an actinometry scheme
that does not include step-wise excitation via metastable atoms and / or molecules is
used. The remaining states, on the other hand, are modulated in such a way that the

deviation of excitation ratios due to time averaging is only 10%.

The absolute densities with the uncorrected ERA method are between 1 and 3x10*'m~3
and are in close agreement with the TALIF measurement. However, the corrected mea-

surements show significantly higher densities. This is due to the fact that metastables
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likely play a role in the measured excitation, which cannot be taken into account in the
ERA model. If, the physical model underlying the ERA approach is incorrect when
applied to temporally and spatially integrated spectra, it can be assumed that the
close agreement between ERA and TALIF measurements of atomic oxygen density is

coincidental.

By using the SEA method, issues related to the population of the O(3p°P) via metastable
levels can be avoided. Again, the intensity ratios were also corrected (SEA*). However,
since the deviations between maximum excitation and integrated excitation are very
small for the states used with SEA, the atomic oxygen density determined with and
without a correction are very similar. The difference in the results from the corrected

SEA* and SEA is only 10% and the densities are in a range between 4 and 7x10*'m=3.

In addition to atomic oxygen densities, the method can also be used to determine mean
electron energies (see Figure 3.12 (b)). For ERA these are in the range between 13 and
15eV, which is significantly higher than expected. This, in turn, can be explained by
the fact that excitation by metastables is not taken into account. Since the fraction of
the excitation has to be compensated, it can be assumed that the mean energy is over-
estimated. Even the corrected values are between 0 and 12 eV and are still significantly
higher than expected. For SEA the mean electron energies are lower (4.0 to 4.5€eV)
than for ERA. No difference can be observed between SEA and SEA*. In literature,
electron temperatures in the range between 2 and 3V are given for the COST refer-
ence microplasma jet [136-138] which are related to mean electron energies between 3
and 5eV under the assumption of a Maxwell-Boltzmann distribution, thus there is a
reasonable agreement with the SEA method. However, the energies differ significantly
when ERA is used, although Greb et al. [114] reported a good agreement (3-6¢V)
with this method in a comparable jet. The difference shows clearly that ERA is most
reliable when performed with phase-resolved measurements, otherwise the influence of

excitation via metastables and other processes is too large.

In addition to a difference in the absolute atomic oxygen density and mean electron en-

ergy, also a difference in the confidence intervals of ERA and SEA is noticeable. While
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the uncertainties for ERA are up to 90% (25% for ERA*), for SEA uncertainties of
around 5% are obtained. This difference results from the more clearly defined crossing
points of the excitation ratios in the SEA scheme. This means that the ranges of disso-
ciation degree and mean electron energy for which the experimentally measured ratios
are consistent with the calculated ratios, are smaller. In addition, it becomes clear that
the SEA method can access a larger energy range of the EEDF, which should allow
it to provide a more robust estimate of the mean energy. Nevertheless, the confidence
intervals indicate only the uncertainties of the calculation and not the systematic un-

certainty caused by the numerous assumptions of actinometry.

In summary, helium state-enhanced actinometry developed in this work offers the possi-
bility to determine atomic oxygen densities and mean electron energies simultaneously.
SEA and TALIF measurements show good agreement for the atomic oxygen density
in the COST reference microplasma jet and mean electron energies known from the
literature could be reproduced. The use of time-averaged emission makes only one
spectrometer necessary. This significantly reduces the experimental complexity com-
pared to laser diagnostics or phase-resolved spectroscopy measurements. Nevertheless,
if a different plasma source is used, the systematic error due to time-integrated mea-
surements should be experimentally verified. Furthermore, the helium line used can
be observed in a large number of plasmas without the need to change the gas mixture.
However, SEA can also be used in plasma sources operated without helium by using
a low helium and argon admixture. This makes the diagnostics feasible for a larger

number of applications in research and industry.

3.2.3 Rotational temperatures

In addition to densities of species and electric fields, gas temperature can also be de-
termined using optical emission spectroscopy. This is particularly important for the
use of actinometry. On the one hand, the total density is influenced by the tempera-
ture over the ideal gas law. This influences both the value of the oxygen density and
the quenching. On the other hand, the temperature is needed as input parameter for

Boltzmann solver calculations.
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One commonly used technique for measuring gas temperature involves assessing ro-
tational temperatures from the emission of nitrogen molecules. This approach offers
several benefits. Firstly, it allows for the preservation of the gas mixture, as even small
impurities of nitrogen found in gas bottles are adequate for generating an emission
spectrum. Secondly, this method is non-intrusive and has no impact on the discharge
process. Additionally, it does not interfere with actinometry measurements, enabling

simultaneous performance of these diagnostics.
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Figure 3.13: Emission of the first negative band of nitrogen ions and fitted rotational

temperature in a micro cavity plasma array. Conditions: 2slm He, 2sccm O,, 1scem

Ar, V,, = 1600 V.

Here, the emission of the first negative band of nitrogen ions (N3 B2 /(v = 0) —
X?Y (v =0)), located at 391 nm, is observed. To determine the rotational temper-
atures, a theoretical spectrum is calculated assuming a Boltzmann distribution. The
temperature of the Boltzmann distribution is used as a parameter and the theoretical
spectrum is fitted to the measured spectrum using custom made software (N2 Temp).
In thermal equilibrium, the temperature of the rotational motion of the molecules is
equal to the temperature of their translational motion. This correspondence allows
the gas temperature to be directly inferred from the distribution of rotational states.
A more detailed explanation of the diagnostics, as well as the parameters used (Honl-

London coefficients, spectroscopic constants etc.) can be found in reference [139].
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Figure 3.13 shows an exemplary measurement of a spectrum. The characteristic band
structure between 386 and 392 nm is clearly visible. For the determination of the tem-
perature, the spectrum can be calculated as a function of the rotational temperature.
The best agreement is in this case at a temperature of 720 K. Here the band head as
well as the following peaks are very well fitted. At the edges the measured spectrum de-
viates slightly due to a background caused by the experimental setup. The uncertainty

is about 50 K.

3.3 Two Photon Absorption Laser Induced

Fluorescence Spectroscopy

In addition to optical emission spectroscopy, laser diagnostics such as Two Photon Ab-
sorption Laser Induced Fluorescence Spectroscopy (TALIF) [123, 140, 141] offer the
possibility of determining atomic oxygen densities. While the excitation observed in
OES is typically achieved by electron impact, a laser is used for TALIF allowing den-
sities also to be determined outside the active plasma volume. This means that fewer
assumptions are necessary overall, as the electron collisions are fundamentally linked
to the EEDF and discharge dynamics, which reduces the uncertainty of the method
compared to actinometry. However, laser diagnostics have a decisive disadvantage,
especially in combination with microplasmas: optical access is required both for the
laser beam and for a fluorescence signal. For cavities in the pm range, alignment is
very difficult or even impossible due to scattering or even fluorescence at surfaces. For
this reason, in this work the method is used exclusively in the efHuent of the reactor,
while the densities inside the cavities are determined by optical emission spectroscopy.

A basic diffusion model should then connect the two diagnostics.

The basic principle of laser-induced fluorescence is as follows: an atom or molecule is
excited out of its ground state using a laser. When the atom or molecule de-excites to
a lower energy level, a photon is emitted. The ground state density can then be de-
termined by measuring the emission. When exciting light atoms such as oxygen, high

energies (approximately 11eV) are needed. This would require lasers with wavelengths
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in the VUV range, which in practice could only be used at great effort. One solution
to this problem is the use of two photons. Here, the upper and lower energy levels are
not resonantly coupled via intermediate states. The first photon excites the atom into
a virtual intermediate state. In a short time interval (due to a short lifetime) after this

excitation, a second photon can lift the atom into the desired state. [142]

The excitation rate R can be described by the generalized cross section for two-photon
excitation (6®) and the fluxes of the two photons.

R=6® (IL)2 (3.36)
]’LVL

The cross section o is calculated from a time-dependent perturbation calculation. In
addition, the photon statistical factor G®) and the line profile of the two-photon excita-
tion g(Av), which is composed of the profile of the transition, the velocity distribution

of the atoms and the laser profile, must be taken into account. [142]
&% = GPg(Av)e® (3.37)

The ground state density can be calculated using a rate model in which the excitation
from the ground state is linked to the emission and all population and depopulation
mechanisms are taken into account. The ground state |1) can be excited to state |3)
with rate Rj3. This is then de-excited to level |2) by spontaneous emission, which
can be described by the Einstein coefficient A. In addition, level |3) can also be de-
populated by radiationless quenching (). Processes such as photoionization or induced
two-photon emission can be neglected in the unsaturated case, where the excitation
rate is proportional to the laser intensity. Accordingly, the change of the excited state
follows:
d

&ng = ng(t)no — (A3 + Qg)ng (338)

The solution for a laser pulse of length T is as follows:

no i Riz(t)e”As+@)Eagt fir 0 < t < T

ns(t) = (3.39)
nz(T)e~(As+Qs)(t=T) firt > T
Integration over time and volume yields the number of photons N, where a;;, = A?ﬁég;,

describes the optical branching ratio. Accordingly, the fluorescence signal is linearly
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dependent on the atomic oxygen density and quadratically dependent on the laser

intensity. [142]
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The exact number of fluorescence photons is difficult to determine. Typically, photo-
multipliers or ICCD cameras are used for detection. In order to be able to determine
the exact number of photons, the properties of all optical elements in the beam path
must be known in addition to the characteristics of the detector. It is more straight-
forward to calibrate the measured signals by making a comparative measurement with
a noble gas of known density [143]. For oxygen, xenon is typically used for calibration.
The O(3p ?P12,) and xenon Xe(6p’[3/2]2) state pair is very suitable. Here, the excita-
tion wavelength only differs by approximately 1.3 nm. The fluorescence signal changes
by approximately 10nm. The small changes offer the advantage that the setup used
barely needs to be changed and so the experimental conditions remain almost the same.
Typically, only the optical filters have to be replaced and the wavelength-dependent

sensitivity of the detector has to be taken into account.

The TALIF signal, which is proportional to the oxygen density, can be represented as
a measured variable M (voltage at photomultiplier or counts of ICCD) normalized to

the laser intensity:
M

= ()" atav

The aim of the calibration is to find a factor y that links the signal to the atomic

S (3.41)

oxygen density.

This can be calculated by measuring the xenon signal Sx. for a certain density nx,
and forming the ratio to an oxygen signal. In addition, various properties of the setup,
such as transmission of the filters 7", photon yield of the detector n and branching ratio

a must be taken into account.

SXe _ TXenXe aXeUg?l Nxe (3 43)
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Since the two-photon excitation cross-section o is only defined for spectrally inte-
grated signals, but the measurements are typically carried out at only one wavelength,
the deviation must be corrected. For this purpose, a wavelength scan is performed
for both excitation wavelengths (O and Xe). The correction factor I results from the
area under the signal divided by the maximum signal (at the wavelength used for the

measurements).

Since the oxygen ground state is a triple degenerate, but the measurements are only
carried out at (J=2), it is not possible to draw direct conclusions about the ground
state density from the signal. The proportion of the total ground state in the J=2

state can be determined using a Boltzmann distribution:

n0.J—2 §— (2J + 1)exp (

(3.44)

)
o N S22 (2J + 1exp (E—T)

At room temperature, the proportion is § = 74.17%.

To reduce the uncertainty, it is advisable to carry out the comparative measurement
for several xenon densities. The TALIF signals are then plotted against the density.
The linear relationship can be fitted and the slope m used to calculate the calibration

factor.
aXenXeTXeO-g(i[Xe 11

aoUoToU(o)Io m

(3.45)



64

3. Diagnostics




4. Experimental setup 65

4 Experimental setup

The experimental setup is described in the following section. A sketch with the most
important parts of the setup is shown in Figure 4.1. The micro cavity plasma array
reactor is at the center of the setup. In addition, there are components for the various
diagnostics, which are discussed step by step. Moreover, the setups for more specialized
diagnostics, such as the laser manipulation of surface charges, the triple photomultiplier

setup or the laser induced fluorescence setup, are described separately.

Figure 4.1: Schematic sketch of the experimental setup adopted and expanded from

[110].
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4.1 Design of the used plasma reactors

The plasma reactor used in this work is a micro cavity plasma array (MCPA). Depend-
ing on the diagnostics, the exact design of the reactor can be slightly modified. The

differences are discussed in the following section.

Quadruple metal grid array

A quadruple metal grid array (MGA), already described in section 2.2, is used for the
majority of the measurements. A neodymium magnet (50x15x5 mm?) is placed flush in
a carrier made of polyetherether ketone (PEEK) and acts as a grounded electrode. A
40 pm thin zirconium dioxide layer (63x20 mm?, relative permittivity €, &~ 27) separates
the grounded magnet from a high-voltage supplied nickel grid and thus works as a
dielectric barrier. The nickel grid is laser-cut into a 50 pm thin nickel foil and consists
of thousands of cavities arranged in four sub-structures (10x10mm?), which differ in
the diameter of the cavities (50-200 pm). The distance between individual cavities is
200 pm, while the distance between adjacent sub-structures is 1 mm. The triple layer
(magnet, dielectric and nickel grid) is held together by the magnet and is placed on an
aluminum mounting. The entire construction is tightened with a quartz cover. This
allows a defined gas flow across the cavities. The distance between grid and cover is
4 mm, which enables optical diagnostics from above and from the side. The average
flow velocity at a gas flow of 1slm is then 0.21m/s. The MGA is mounted on an
x-y-z-stage (custom made, not shown). As feed gas helium (purity 5.0) with a constant
gas flow of 2slm is used. In addition, a variable molecular oxygen admixture (purity
4.8, 0-50 sccm) and 1scem argon (purity 5.0) as actinometer gas are added. The gas
flows can be set and controlled by three mass flow controllers (Analyt 358 Series, 2 slm,
50sccm and 1scem.). A function generator (Tektronix AFG 3021B) is connected to
the MGA via an amplifier (Trek MODEL PZD700A M/S). The power supply provides
voltages up to an amplitude of 800V and is used with a bipolar triangular frequency
of 15kHz. A relay (V23100-V4305C000) is connected between the amplifier and the
function generator (not shown in the Figure) in order to switch the reactor on and
off quickly (in the range of us), for example to observe the decay of surface charges.
This can be controlled using another function generator that is synchronized with the

voltage waveform. [22, 28, 110]
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Single metal grid array

As described above, the MGA is usually used with four sub-array structures to vary
the cavity diameter or cavity spacing. However, depending on the diagnostics, it is
not possible to separate the effects of the different structures from each other. For
this reason, a single array structure is used for certain measurements in this work.
One structure of the single array has the same dimensions as a substructure of the
quadruple array. Apart from the omission of the other sub-structures and the resulting
smaller geometry, the design is the same as before except for two differences. Firstly,
there is no sealed quartz cover for the single array, thus it is typically operated in a
vacuum chamber with helium atmosphere, close to atmospheric pressure. Secondly,
a cylindrical (h = 5mm, d = 16 mm) samarium cobalt magnet is used instead of a
block-shaped neodymium magnet. The edges around the cavity structure are pressed
onto the surface with a magnetic metal frame to ensure stability despite the smaller

magnet.

Design of micro scaled plasma trenches

With the cavity structure typically used, it is not possible to observe the discharge
from the side. However, this is necessary if the components of the electric field are
to be determined. For this reason, a micro scaled plasma trench device (MSPT) was
developed in the course of this work. This consists of a metal grid with the same
dimensions as the cavity grid and can therefore be used with the same setup (carrier,

magnet, dielectric, etc.). A sketch comparing the two grids is shown in Figure 4.2.

Figure 4.2: Schematic sketches of the various metal grids. (a) cavity structure taken

from [28] and (b) trench structure.
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The grid consists of metal strips (200 pm). Trenches (150 pm) are formed between
them in which the discharge can be ignited. As with the cavities, optical diagnostics
can be performed from above through the cover. In addition, the trenches now offer
the possibility of observing the discharge from the side. The geometry of the grid
was chosen in such a way that the tips of the strips are no longer above the magnet
(grounded electrode). This means that the discharge remains very homogeneous and
the field increase at the tips has no influence. Overall, a compromise had to be found
for the length of the trenches. The longer the trenches, the greater the discharge,
which results in stronger emissions for diagnostics, for example. However, the thin
metal strips are very delicate and challanging to handle. During assembly, this can
lead to interactions with the magnet, for example, where not all of the trenches are

aligned parallel to each other or individual strips may even bend. Here, stability can

be increased by using shorter trenches.

4.2 Setup for optical diagnostics

The setup for optical diagnostics is shown

above the array in Figure 4.1. For temporally 1.0 s
and spatially resolved measurements, one sub- o8- + .
array structure is imaged on an intensified i 06 ‘ *
charge-coupled device (ICCD) camera (Andor g 0.4 ‘ f
iStar DH334T-18U-73) using a long distance = 0.2- q““s L

microscope (Questar QM 1). Alternatively,
another modular lens system (KX InfiniMax)
can be used. Here, the focal length can be
adjusted by exchanging lenses to allow either
entire sub-array structures (lens MX-1) or in-
dividual cavities (lens MX-6) to be imaged.
A relative calibration was performed using a

broadband lamp (Ocean Optics DH-3 plus).

The wavelength can be set with a tunable fil-
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Figure 4.3: Spectrum of argon lines

at 750.4nm and 751.5nm recorded

through tunable filter. Both lines were

fitted with a Gaussian profile. Adopted

from [110].

ter (VariSpec NIR-RM-HC-20) in a range of 550-1000nm in 0.1 nm steps. The filter
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can switch very quickly between the different wavelengths (response time of 100 ms).
This makes it possible to acquire 2D measurements of all wavelengths required for acti-
nometry within seconds, thus ensuring comparability. The FWHM is approximately
0.55 nm, providing sufficient resolution to separate adjacent spectral lines, such as the
Ar 750.4nm and Ar 751.5nm (Figure 4.3), which is essential for actinometry. If the
main objective is the wavelength-independent emission, the filter can be removed from

the optical path allowing shorter exposure times to be achieved. [110]

In addition to the ICCD camera, the emission can be collected using an optical fiber
(with collimator if required). The fiber can either be connected to a photomulti-
plier (Hamamatsu R3896, not shown) for time-resolved emission measurements or to a
two-meter focal length plane grating spectrometer (PGS-2, Zeiss Jena) for wavelength-
resolved measurements. Additionally, depending on the diagnostics, a filter such as
a bandpass or rotatable polarization filter (Thorlabs LPVISE100-A) can be inserted
into the optical path. According to the wavelength region, the spectra can be used to
measure the electric field through the Stark splitting of a helium line or to determine

the rotational temperature from a nitrogen spectrum.

The spectrometer is equipped with an ICCD camera (Andor iStar DH320T-25U-A3).
This makes it possible to achieve a high signal-to-noise ratio even with low emissions.
The effective resolution with a slit width of 25 pm and the camera used is 8 pm. Fur-
thermore, the camera can be synchronized with the discharge so that phase-resolved
measurements are possible. Typically, the emission is collected via an optical fiber bun-
dle and guided into the spectrometer. In this case, a special split fiber is used. This has
the advantage that a calibration lamp can be connected in addition to the discharge.
The fiber bundles are sorted in such a way that different areas on the ICCD chip are
illuminated and the light sources can be separated accordingly. This is particularly im-
portant when determining the electric field using Stark splitting. Precise wavelength
calibration is essential here, so that a hollow cathode lamp filled with helium and argon
can be used simultaneously with the discharge. This makes changes in the wavelength
calibration, for example due to temperature fluctuations, visible in real time. However,

as an alternative to the fiber, the discharge can also be positioned directly in front of
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the slit. This has various advantages and disadvantages. Firstly, the reactor must be
mobile enough to be positioned in front of the slit. This is not possible, for example, if
the measurements are to be carried out in a vacuum chamber. Furthermore, it is very
time-consuming to align the discharge precisely in front of the slit. The advantages
on the other hand are, firstly, the increased light yield, as the optical path is shorter.
Secondly, there is a spatial resolution, as the discharge is imaged directly onto the lines

of the ICCD camera.

Triple photomultiplier setup

In addition to the ICCD setup already described, the actinometry measurements can
also be carried out with a triple photomultiplier setup. This has the advantage that all
three required transitions can be observed simultaneously with high time resolution.
This is not possible with the ICCD setup, as the filter has to be switched between
the measurements. In addition, optical filters with enhanced transmission properties
can be employed instead of the tunable filter. This substitution could significantly
increase the light yield, reducing the need for averaging and potentially enabling single-
shot measurements. Moreover, the measurement, including the evaluation, is greatly
simplified. The ICCD produces large amounts of data which, if the spatial resolution
is not required, are unnecessary and make evaluation time-consuming. Furthermore,
the photomultiplier setup is cheaper than an ICCD setup, making it usable for more

laboratories.

Figure 4.4: Schematic sketch of the triple photomultiplier setup.

Figure 4.4 shows the triple photomultiplier setup. Three identical photomultipliers
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(Hamamatsu R13456) are used. Optical filters for the different transitions (Thorlabs,
710nm, 750 nm and 840 nm) with a FWHM of 10 nm are mounted in front of the pho-
tomultipliers. Despite the increased transmission compared to the tunable filter, there
is a disadvantage. Due to the width of 10 nm, the argon 750 nm line can no longer
be separated from the argon 751 nm line. This can lead to deviations in the measure-
ments and must be taken into account when interpreting the results. The heart of the
setup is an optical triple fiber (Avantes FC3-UVIR400-2-ME). This consists of three
individual 400 pm fiber cores that converge to form one fiber. The three fiber ends
are connected to the photomultipliers via collimators. The single end can be used to
detect the light. The integration times of the photomultipliers can be regulated via ad-

justable resistors. The signals can then be evaluated simultaneously on an oscilloscope.

A compromise between intensity and time resolution must be found for the integration
time. The low argon admixture results in the lowest intensity for the argon transition,
which is therefore the limiting signal. In order to still achieve a sufficient signal to noise
ratio, the integration time was set to 1ps for all photomultipliers. Before the setup
can be used for actinometry, a relative intensity calibration must first be performed,
for which a calibration lamp (Ocean Optics DH-3PLUS-BAL-CAL) is used as with the
ICCD setup.

4.3 Setup for electrical diagnostics

The setup for electrical measurements is shown below the reactor in Figure 4.1. The
applied voltage can be measured using a high voltage probe (Tektronix P6015A). The
current is monitored using a current clamp (Tektronix P6021) mounted on the con-
necting cable from magnet (grounded electrode) to ground. In order to measure the
transported charge, a monitoring capacitance (67nF) is integrated in the circuit to
measure the voltage drop with the help of another voltage probe (Teledyne LeCroy
PPO006A). All signals converge in a digital oscilloscope (Teledyne Lecroy WavePro
404HD). This means that all measured variables required for the equivalent circuit
approach are available. The results can be observed in real time via the oscilloscope

and partially evaluated directly with the help of Labview, e.g. to display the power.
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Setup for laser manipulation of surface charges

As previously discussed, it is not trivial to determine the surface charges using the
equivalent circuit approach, as surface effects must be separated from volume effects.
For this reason, a laser is used that only manipulates the surface charges allowing the

surface charge density to be inferred. The setup is shown in Figure 4.5.

Figure 4.5: Schematic sketch of the setup for laser manipulation of surface charges.

Adopted from [144].

As the electrical measurements are integrated over the entire discharge, the single ar-
ray described above is used for the charge measurement. This device is mounted in a
vacuum chamber under helium atmosphere close to atmospheric pressure. As before,
the reactor is operated using a function generator in combination with an amplifier.
The measurement of current, voltage and charge also remains the same. An ns-pulsed
Nd:YAG laser (Continuum Powerlite 8010) is used to manipulate the charges. The
laser is operated with a pulse frequency of 10 Hz and a pulse duration of 10ns. Either
the fundamental wavelength of 1064 nm or the second harmonic (532 nm) can be used.
The timing of the laser is controlled by a delay generator (Stanford Research Systems
DG645). To synchronize the laser with the voltage applied to the reactor (15kHz),
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an Arduino Due (84 Mhz, 32Bit) is used as a frequency divider. This allows phase-

resolved measurements to be carried out.

The laser beam (from 0.9 cm to 1.2 cm diameter) is guided into the chamber via mirrors
and through a quartz window. Inside the chamber, the beam passes a diffuser plate,
which expands the beam to illuminate all cavities on the one hand and homogenizes
the beam on the other hand. After the diffuser, the beam hits the center of the array.
Typically, the angle between the surface and the beam is perpendicular, but can be

varied using a rotation stage (Zaber X-RSW-SV1).

The emission of the discharge can be measured simultaneously using a photomultiplier.
To do this, however, the reflections caused by the laser must be attenuated. For this
purpose, a 30 cm long black tube is used in front of the photomultiplier. At the end of
the tube a notch filter (Edmund Optics 87-021) with an optical thickness of OD 6 for
532 and 1064 nm (50nm FWHM) is installed. For other wavelengths between 400 and
1200 nm there is a transmission of >90%. As the filter only works with perpendicular
beam incidence, three apertures with a diameter of 0.5 cm are positioned in the tube
to parallelize the beam. Overall, the scattered light can be significantly reduced. In
combination with background measurements, the plasma emission can be observed

without the influence of scattered light.

Relay setup for measuring surface charges

An alternative method of separating surface charge from volume charges is to rapidly
switch off the discharge. Here, volume charges should vanish in a short time, for ex-
ample through recombination or diffusion. Surface charges, on the other hand, are

retained for longer and can therefore be measured separately.

In this work, a relay circuit (V23100-V4305C000) is employed for this purpose, capable
of precisely (At < £1 ps) turning off the external voltage. It is powered by a function
generator (Tektronix AFG3251) and synchronized with the plasma array’s excitation
cycle. Digital solutions, such as a digital switch or predefined waveforms, were also

tested but resulted in uncontrollable overshoots in the amplifier.



74 4. Experimental setup

4.4 Setup for TALIF measurements

A separate setup is used for the TALIF measurements (see Figure 4.6). A ps-laser
system (EKSPLA, PL2231A) generates a laser beam with a repetition frequency of
50Hz and a pulse width of 30ps. The energy at a wavelength of 225 nm measured
directly at the laser output is 130 nJ. This is focused via UV mirrors and a lens (f =
500mm) through the quartz cover of the micro cavity plasma array. Here, the beam
has a round shape with a diameter of approximately 200 pm. The reactor is mounted
on a computer-controlled translation stage (Newport, VP-25XA) and can be moved
in the x, y and z directions to vary the relative position between the laser and the
reactor. The resulting fluorescence signal with a wavelength of 844.9nm is focused
with a lens (Sigma, 105 mm, set to 1:1 magnification) through a band pass filter
(Andover, 840FS10-50) onto the chip of an ICCD camera (Andor, iSTAR DH334T-
18U-73). To prevent the laser light from reaching the detector, the camera is aligned
perpendicular to the beam. In principle, a top view would make sense, as the discharge
could then be observed at the same time. However, if measurements are taken close to
the surface, the laser is scattered by the grid of the reactor. In addition, fluorescence
occurs on the dielectric and the actual TALIF signal can be reflected. To eliminate
both effects, the camera is positioned at the side. The position is selected in such
a way that the first cavity structure (200 pm) is fully captured. In addition, part of
the subsequent structure (150 pm) can be observed. The two-dimensional image of the
camera therefore shows the y component along the beam and the z component of the

density perpendicular to the beam.

To measure TALIF signals, it is crucial to synchronize the fluorescence measure-
ment with the laser. This is achieved by using a pre-trigger signal from the laser,
generated 1ms before the laser beam, to trigger a digital delay generator (Stanford
Research Systems, DG645). The digital delay generator then controls the timing
of all devices. The ICCD camera is timed to fire exactly during the fluorescence,
with its gate width set to 30ns to account for a jitter of 1-2ns and ensure reli-
able recording of the entire TALIF signal. In this setup, the reactor uses a dif-
ferent amplifier (Matsuda Precision AMT-1B60), controlled by a function generator
(Stanford Research Systems, DS345). A sinusoidal voltage waveform of 15kHz is
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Figure 4.6: Schematic sketch of the setup for TALIF measurements. Adapted from

[145).

applied in burst mode, generating 60 pulses per trigger signal, with the voltage re-

maining off until the next trigger. The digital delay generator also controls the burst

mode start, allowing the voltage waveform to shift relative to the laser for tempo-

ral scans. The gas system is modified for TALIF measurements, utilizing a helium-

oxygen mixture (95% helium / 5% oxygen) instead of individual gas bottles. Pure

helium can be added to adjust the mixture. Gas flows are controlled with MFCs

(MKS, GE50A). Xenon, which can be mixed with helium, is available for calibration.

As described in the fundamentals (sec-
tion 3.3), the measured counts are nor-
malized to the square of the laser inten-
sity. A beam splitter is used for this pur-
pose, which directs part of the beam onto
a photodiode (ThorLabs, DET10A). The
signal can be read out via an oscilloscope
(Teledyne Lecroy, HDO6104). In addi-
tion, the oscilloscope can be used to moni-
tor the voltage applied to the reactor and
to monitor the synchronization of laser,
camera and voltage. Furthermore, the
energy of the laser is of particular impor-

tance for the measurement. On the one

Figure 4.7: Fluorescence signal depending
on the laser energy. Conditions: 1slm total
gas flow (He 4+ 0.1% O,); 700 V; gate time

= 30 ns; exposure time = 60s.
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hand, this is incorporated quadratically into the measured signal and must therefore
be permanently checked with the diode. On the other hand, too high energy can lead
to effects such as photo-dissociation, resulting in atomic oxygen being produced only
by the laser. To rule out these effects, the energy of the laser can be varied via the
amplification of the laser and monitored with an energy meter (Newport 1919-R). If
the resulting fluorescence signal is plotted against the square of the energy, a linear
relationship should become visible. If the measurement deviates from this, for example
due to saturation, undesired effects occur and the rate model used can no longer be
applied. An example measurement is shown in Figure 4.7. Here, it is clear that there
is a linear relationship at energies up to approximately 7puJ. At higher energies, the

signal saturates.

Xenon calibration for the determination of absolute densities

In order to be able to measure absolute atomic oxygen densities with the TALIF setup
described above, a noble gas calibration with xenon (see section 3.3) must first be
carried out. The setup only needs to be changed minimally for this. The laser wave-
length must be moved from 225.64 nm to 224.29 nm. In addition, a different bandpass
filter (Andover, 834.7/1.5-68381) is used to change the observed wavelength from 844.9
to 834.9nm. Traditionally, the calibration measurement is carried out in a vacuum
chamber filled with xenon. In this work, however, xenon is added directly to the gas
mixture, i.e. a helium/xenon mixture at atmospheric pressure is used. The mixing
ratio is chosen in a way that the xenon density corresponds approximately to the ex-

pected oxygen density.

First, the constants required for calibration must be determined. The transmission 7'
of the filters can be measured by means of the laser used here. The laser is set to
the respective wavelength and the intensity is measured in front of and behind the
filter. The wavelength-dependent sensitivity n of the ICCD camera can be found in
the manufacturer’s data sheet. The ratio of the excitation cross-sections can be found

in the literature. A list of the constants used is given in table 4.1.

Since a ps laser is used, the temporal resolution is basically sufficient to measure the
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Table 4.1: Parameters used for calibration.

Parameter Value Reference
optical branching ratio Xe ax. 0.003 [141]
optical branching ratio O agp admixture dependend see section 6.1
sensitivity at 834.91 nm 7x. 0.195 manufacturer
sensitivity at 844.87nm 7o 0.180 manufacturer
transmission at 834.91nm T x. 0.480 this work
transmission at 844.87nm Tp 0.567 this work
spectral correction for xenon Iy, 0.0277 this work
spectral correction for oxygen Ip 0.0219 this work
cross-section ratio a&?i / 0(02 ) 1.9 [123, 146]
Xe density calibration m 2.34x1071 cm3 this work
Boltzmann correction 3 for 300 K 0.7417 this work

lifetime of the excited state directly and thus determine the branching ratio. For oxy-
gen, the value is discussed as a function of the gas composition in chapter 6.4.1. In the
case of xenon, however, the lifetime at atmospheric pressure is so short that it cannot be
measured exactly with the setup used here (limited by 3 ns gate of the ICCD). For this

reason, a literature value for a helium/xenon mixture at atmospheric pressure was used.

As already mentioned, the two-photon excitation cross-section is only defined for spec-
trally integrated signals. If only one single wavelength is used, it must therefore be
corrected. For this purpose, the wavelength of the laser is varied in 2 pm steps and
scanned over the respective central wavelength of the state. The TALIF signal is mea-
sured for each point. A measurement for the excitation of oxygen and xenon is shown
in Figure 4.8. The measured maxima are only shifted by a few pm from the theoretical
central wavelengths (O 225.64nm, Xe 224.29nm). This means that the wavelength
calibration of the laser is very accurate. Due to fluctuations from day to day (e.g.
due to temperature or humidity), the measurement is repeated daily and the wave-
length is set to the maximum signal. The measurement shows an almost Gaussian
line profile, indicating minimal collisional broadening (Lorentz profile). This Gaussian

shape is likely due to the laser profile or Doppler broadening. Given the laser profile’s
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(a) O(3p *P12,) (b) Xe (6p’[3/2]2)

Figure 4.8: TALIF signal of oxygen (left) and xenon (right) depending on the laser
wavelength. Conditions: 1slm total gas flow (He + 0.1% Oy / He + 0.1% Xe); 700 V;

gate time = 30 ns; exposure time = 60 s.

FWHM of up to 38 pm (according to manufacturer), the resolution is insufficient to
resolve individual oxygen sub-transitions. Consequently, the line appears as a single
transition, limiting further analysis like temperature determination. However, due to
the measuring position outside the cavity and within the gas flow, a temperature close
to room temperature can be assumed. Thus, the Gaussian fit is used only to find the

central wavelength and calculate the spectral correction factor.

The core of the calibration is the comparative measurement with a known xenon den-
sity. For this purpose, a helium/xenon gas mixture is used at atmospheric pressure
and the mixing ratio is varied. For each admixture, 10 signals are recorded. Figure 4.9
shows the mean values and the standard deviation of the measurements as a function
of the xenon density. At densities below 3x10'" cm™ a clear linear relationship can
be seen. This can be fitted and the slope used to calculate the calibration factor. At
higher densities, however, saturation occurs. It can be assumed that the density is so

high here that the laser intensity decreases due to the excitation of many atoms.

As described earlier, a two-dimensional signal is captured using an ICCD camera. This
signal is influenced by the laser beam and the density of atomic oxygen. When the

density is spatially uniform, the resulting signal fully illuminates the chip along the
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Figure 4.9: TALIF signal depending on the xenon density. Conditions: 1slm total
gas flow (He + Xe); discharge off; gate time = 30 ns; exposure time = 60s.

y-axis (aligned with the laser’s propagation path) and is shaped by the beam’s profile
width along the z-axis. Depending on the specific measurement, different sections of
this imaged signal can be selected for analysis. To optimize the signal-to-noise ratio, it
is beneficial to utilize as much of the fluorescence image as possible. However, spatial
resolution can be enhanced by focusing on specific areas of the image, which may reduce
the overall signal amplitude. Consequently, the xenon calibration process is tailored to

the selected signal regions, ensuring consistent use of the sensor areas.
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5 Fundamental discharge behavior

In the following chapter, the micro cavity plasma array is to be fundamentally charac-
terized. Initially, electrical methods are used to determine parameters such as voltage,
current, and power. These measurements, in turn, allow the derivation of parameters
like discharge current, gap voltage, and transported charge. Optical measurements,
on the other hand, provide insights into ignition times and the duration of discharges.
The first objective of this work, to classify the discharge within a DBD mode, is to
be achieved through these measurements. Subsequently, surface charges are observed
to understand their influence on the discharge and to determine the achievable charge
carrier densities. Additionally, it is examined whether surface charges can be exter-
nally influenced, for instance, by a laser, which addresses the second research question.
The final section of this chapter focuses on the measurement of the electric field using
the Stark broadening and shift of a helium line pair. This should answer the third
research question concerning the spatial distribution of the electric field and how it is
affected by charge carriers. The combination of these research questions should pro-
vide information on the extent to which the reactor is generally suitable for plasma
catalytic applications and whether fundamental mechanisms of plasma catalysis can

be investigated on the basis of the discharge with the diagnostics used here.

5.1 Determination of the discharge mode

This section should assign the discharge to a discharge mode known from the litera-
ture (see section 2.1.2 and table 2.1). This should enhance the understanding of the
discharge dynamics and mechanisms within the micro cavity plasma array, and enable
comparisons with other types of reactors. It is important to note that parameters
such as current, voltage, charge, and emission detected by a photomultiplier can only

be measured as an integration over the entire reactor. In the case of the micro cavity
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plasma array, this means that thousands of individual cavities are considered as a single
discharge entity. This complicates the evaluation of the measurements, as micro dis-
charges within the different cavities overlap and cannot be individually distinguished.
The complexity increases if a micro cavity plasma array with varying cavity diameters
is used, since discharges with fundamentally different properties can occur simultane-
ously and overlap [28]. Therefore, a single array with a uniform cavity structure is

utilized for the subsequent measurements to minimize these issues.

5.1.1 Voltage, current and emission

First, typical current, voltage and emission profiles are studied. In Figure 5.1 (a) this
is shown for a ramp voltage excitation with an amplitude of 440V. First, the period
can be separated into two parts (dotted line): the increasing potential phase (IPP) and
the decreasing potential phase (DPP). As can be seen from the emission, the discharge
ignites once per phase, shortly after the zero crossing of the voltage. As soon as a
reversal point of the voltage is reached, the discharge is extinguished. This fits very
well with the classical DBD theory. As the voltage increases, the dielectric becomes
more and more charged and thus compensates for the externally applied electric field.
If the voltage is not further increased (or decreased), the resulting electric field in the
discharge gap is not sufficient to maintain or re-ignite a plasma. Only when the external
field points in the other direction (zero crossing) is it no longer compensated by the
surface charges and re-ignition is possible. Again, it should be noted that the emission
of the entire array is considered and individual cavities could ignite more frequently

than once per phase, which is discussed in more detail later.

The current shows an almost rectangular shape. This can be explained by the dis-
placement current which is determined by the derivative of the applied voltage. The
deviations from the rectangular shape result mainly from deviations of the voltage sig-
nal, which is due to the used amplifier. Another deviation is caused by the discharge
current. This becomes visible as an offset to the rectangular signal as soon as the
plasma is ignited (see emission signal). When the plasma is extinguished, the current
drops quickly. The difference in the decay time between current and emission can be

explained by the integration time of the photomultiplier (a few ps). Differences be-
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Figure 5.1: Voltage, current and emission characteristics for ramp (a) and sinusoidal

(b) excitation. V,, = 830V, f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.

tween IPP and DPP can be identified in both current and emission, which is discussed

later.

An additional measurement with a sinusoidal excitation is shown in Figure 5.1 (b).
The basic discharge behavior does not change. However, there are fewer deviations of
the applied voltage by the amplifier, so that the displacement current can be described
by a cosine. Thus, the deviations due to the discharge current are clearly visible and
match the measured emission very well. Especially in the DPP, it is even possible to
reproduce individual peaks. Despite the lower interference from the amplifier, only a
ramp excitation is to be used in the following. This has the advantage that the change
in voltage (dV/dt) remains constant within a half-phase, which simplifies the under-
standing of the fundamental behavior. Moreover, the measurements can be compared

with previous studies [22, 28, 147].

5.1.2 Power measurements

In addition to a qualitative discussion of the temporal characteristics, the measurement
of current and voltage also offers the possibility of calculating quantitative parameters
such as the dissipated power. As described in section 3.1.2, there are several ways to
determine the power. On the one hand, the product of measured current and voltage

can be integrated over a period. On the other hand, the charge can be measured over
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a monitor capacitance to determine the power from the area of a QV-diagram.
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Figure 5.2: Power depending on the applied voltage without (a) and with (b) corrected
phase shift. Conditions: f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.

Figure 5.2 (a) shows a comparison of the two methods as a function of the applied volt-
age. It is striking that both curves differ from each other. The product of current and
voltage initially becomes negative in the unignited case and then shows a lower slope
than the evaluation of the QV-diagram. The difference can be explained by a phase
shift (Ag) between the three measurements (voltage, current and charge) in the range
of 200 ns. This can be caused, for example, by capacitances or inductances within the
probes and must be corrected. In the unignited case, the reactor can be described as
a capacitance, where the current corresponds to the displacement current and is 90°
phase shifted to the voltage. Since the displacement current can be determined by the
derivative of the voltage, the additional phase shift by the experimental setup can be
determined by a comparison. This works similarly for the charge measurement, with

the difference that it should be in phase with the voltage.

The corrected power measurements are shown in Figure 5.2 (b). Here, it appears that
both measurements are aligned accurately. The phase shifts of current and charge with
respect to voltage are 190 ns and -250 ns, respectively. If the plasma is not yet ignited
at low voltages, no power is dissipated. From about 550V the discharge ignites and

the power increases linearly with the applied voltage.
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Figure 5.3: Power depending on the applied voltage with 40 single measurements per
voltage (a) and power per cavity for different reactors (b). Conditions: f = 15kHz, d
= 200 pm, 950 mbar helium atmosphere.

Typically, the measured current, voltage and charge signals can be averaged directly
on the oscilloscope. This has the advantage that even noisy signals can be evaluated,
for example to determine the phase shift. The disadvantage is that individual features
such as current pulses are also averaged out. However, these cannot be resolved in
the reactor used anyway, since each measurement represents an integration over 1156
cavities. Nevertheless, it must be checked whether the averaging influences the power
measurement. Figure 5.3 (a) shows a comparison between an averaged power mea-
surement (400 periods) and 40 individual measurements as a function of voltage. Both
measurements show exactly the same profile that is already known from Figure 5.2.
The individual measurements scatter only slightly around the averaged measurement.
The standard deviation is independent of the applied voltage and is approximately
0.01W. It follows that the average percentage deviation can be up to 25% at low
power levels, but drops to less than 1% at higher power levels. This means that the
individual measurements vary only negligibly, so that averaging does not influence the

result, but can provide smoother outcomes.

Power measurement is a particularly useful tool when comparing different reactors. As
described above, there are single and quadruple structure cavity arrays. In addition,

the number of cavities, size and spacing can vary. In order to check comparability,
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two single array structures with the same cavity diameter but different numbers (1156
and 613 cavities) are therefore compared. The results are shown in Figure 5.3 (b).
The measurement indicates that the absolute dissipated power is higher in the array
with more cavities, as expected. However, the power per cavity is almost exactly
the same in both reactors. This means that, on the one hand, the method of power
measurement is reproducible even with different reactors. On the other hand, it also
shows that the individual cavities and even different reactors deliver very comparable
and reproducible results and that the power is very strongly related to the number
of ignited cavities. This means that the number of ignited cavities should be known
for power measurements and generally for measurements that integrate over the entire
reactor. Otherwise, the dissipated power is related to a too large volume and could

therefore appear smaller per cavity than it actually is.

5.1.3 QV-diagram evaluation

By measuring the charge via a monitor
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the literature [85, 88]. This has several causes. Firstly, the micro cavity plasma array

is only operated with low voltage amplitudes up to 800V, while other DBDs use volt-
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ages up to 100kV. This leads to larger discharge currents or charge transport and thus
to a larger area and power. On the other hand, the capacitances in the ignited and
unignited case do not differ very much from each other. The difference is determined
by a short circuit of C,q,, (see equation 3.5). In the case of the micro cavity plasma
array, however, Cy,, plays only a minor role, since the cavities that represent the gas
gap only account for a part of the total electrode. Increasing the ratio of cavity area

to electrode area would change the QV-diagram.

Despite the small area, the QV-diagram can be evaluated to determine the capacitances
Creenp and (gier by linear fits. Due to the almond shape, no clear edge can be seen when
the discharge is ignited. However, since C..; must be determined during the passive
phase, several methods can be employed to establish the fitting limits. One approach
is to initially fit only a few data points and then examine the voltage at which the plot
deviates from a straight line. Alternatively, the ignition point can be identified using
emission or discharge current measurements. If the active phase can be separated from
the passive phase, the capacitances C..; and (4 can be determined for the respective
voltages (see Figure 5.4). Due to the fact that the capacitance (g changes with the
voltage, unlike in an ideal DBD, it makes sense to specify a value of (y;.; averaged over
the active phase. In addition, the value (79" can be considered, which only includes

the range of the maximum slope. For the sake of clarity, the fits (colored lines) are

only shown for the IPP, but can also be carried out the same way for the DPP.

Capacitances

The capacitances Cee and (g can be determined using the QV-diagram (see Figures
3.1 (a) and 5.4). The result is shown in Figure 5.5 as a function of the applied voltage.
For voltages between 0 and 524V, the discharge is not yet ignited. Since no power is
dissipated, it follows that the QV-diagram represents a straight line and not a paral-
lelogram. In reality, however, there are small losses so that the power is not exactly
zero and a parallelogram with a very small area is created. The capacitance of the
reactor C,; can be determined by a linear fit of the passive phase. This can be done
for both IPP and DPP. Both curves match each other very well. In the unignited case,

the capacitance is constant at 0.44 nF. When the discharge is ignited, the capacitance
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jumps to 0.48 nF and then continues to grow linearly with the voltage to 0.56 nF. Since
Ceenr only depends on Cy,, and Cyie, i.e. the materials and the geometry of the reactor,
the value should be voltage-independent according to theory. However, an increase in
Ceenr is known from the literature [85, 88], but could not yet be conclusively explained,
whereby temperature effects were excluded [85]. Since C..; depends only on Cgy;e; and
Cyap, but Cgier is only material and geometry dependent, the effect can be attributed
to Cyep. It is assumed that charges from the previous discharge remain in the gap.
This space charge zone forms a plasma sheath to the surrounding surfaces, which can
act as a parallel capacitance to Cy,, [83]. The theory is supported by the fact that the
emission and plasma current decay only slowly after the reversal point of the voltage
(see section 5.1.3). The higher the voltage, the greater the effect on C.ey, since the
temporal share of the previous discharge in the passive phase is increased. For this
reason, the plasma unaffected capacitance Cy = 0.44nF is introduced here (see Figure

5.5).
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Figure 5.5: Capacitances as a function of the applied voltage. Conditions: f = 15kHz,
d = 200 pm, 950 mbar helium atmosphere.

An alternative way to determine C,y is to compare the measured current with the time
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derivative of the applied voltage. In the unignited case, there is no discharge current,
but only displacement current, which depends directly on C\.;. The calculated values
are also shown in Figure 5.5 (marked with Ceey 7)) and show good agreement with the

results from the linear fits.

As described in section 5.1.3, two different values for (4 can be determined from the
QV-diagrams. On the one hand, the value Ediel averaged over the entire active phase
and, on the other hand, the maximum value (4" at the end of the active phases. Both
values can be determined for the IPP and DPP respectively and are again plotted in
Figure 5.5. In the unignited case, all values are close to the Cy value. This was to
be expected, as there is no active phase in this case and the QV-diagram is a straight
line. However, there are slight deviations because, as previously discussed, there are
minor losses even without discharge. With ignition, there is a clear difference between
Caier and Car. Caier Tises very smoothly and approaches a value of 0.68 nF. Car, on the
other hand, rises much more steeply and approaches a value of 0.92nF. It is noticeable
that the values for (J}%* are noisier than those of Caier» since the linear fit was formed
over a smaller range. It seems that the capacities at 1360 V are not yet fully saturated.
However, higher voltages could not be applied for experimental reasons. Overall, it
can be seen that (g is slightly larger in the DPP than in the IPP. This means that
the gas gap is more conductive. This fits very well with the known behavior of micro
cavity plasma arrays. In the IPP, the electrons move from the cavities to the edges
and into the area above the cavity, creating a relatively diffuse plasma. In DPP, on

the other hand, the electrons move into the cavity, causing the discharge to fill the gas

gap in a very concentrated way, which leads to higher conductivity.

According to theory, (4 should approach the capacity Cy.;. However, the determina-
tion of Cye is not trivial in the case of a complex reactor geometry such as that of the
micro cavity plasma array. In the simplest case, Cy can be estimated as for a plate
capacitor with known electrode area A, dielectric thickness d and relative permittivity
€y

Cdiel = ETEOA/d =0.96nF (51)

Here, however, it is neglected that the powered and grounded electrodes have different



90 5. Fundamental discharge behavior

sizes and only the smaller grounded electrode is included. If the complex geometry is
to be included, an approximation from the literature can be used [148]. In this case,
the larger electrode is considered to be infinitely large. However, it is assumed that
the finite electrode has an area of A = w - [, where w and [ are the edge lengths. In
the case of the micro cavity plasma array, however, the electrode is round (diameter =
1.6 cm), so the edge lengths are transformed to w = [ = 1.42 cm. The constant c is the

speed of light under vacuum.

€[ +1.393 + 0.667 - In (% + 1.444)]

Cie -
dicl 1207c

= 0.98nF (5.2)

It is clear that the capacitance with both approaches barely differs and is around 1 nF.
However, the cavities located in the electrode were neglected in both calculations.
Furthermore, the dimensions used are subject to uncertainties. On the one hand, the
manufacturer of the ceramic foils states an uncertainty of the thickness of 5-10%. On
the other hand, the reactor is assembled by hand, so deviations in the distances can
occur due to inaccuracies or dust particles. Therefore, a total uncertainty of 15% is
assumed. Both, the value for Cy;; and the confidence interval (grey marked area), are
shown in Figure 5.5. It can be seen that (g is very close to Cy; at high voltages,
taking into account the error interval, which means that almost all gas gaps are short-

circuited.

Discharge surface covering

By determining the capacities Cyje;, Ceer and (gier, the parameters o and 3 can now be
determined (see equation 3.16 and 3.17). The value of /3 indicates which part of the
electrode is covered with plasma, i.e. to what extent the gas gap is conductive. The
advantage of the micro cavity plasma array is its accessibility for optical diagnostics.
With the help of an ICCD camera, the propagation of the plasma can be verified.
Typically, only a few cavities ignite at low voltages. As the voltage is increased, more
and more cavities are added until the array is fully ignited. This can be explained by
irregularities in the structure of the array. If the metal grid is not perfectly parallel
to the dielectric, for example due to dust particles or inaccurate positioning, the elec-
trode gap varies slightly from cavity to cavity and thus also the ignition voltage. Such

a measurement is shown in Figure 5.6 (a). At low voltage of 540V, individual cavities
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Figure 5.6: Surface covering depending on the applied voltage determined by ICCD
images (a) and QV-plot evaluation (b). Conditions: f = 15kHz, d = 200 pm, 950 mbar

helium atmosphere.

ignite. If the voltage is increased, the plasma spreads out. However, it is noticeable
that there are areas in which many neighboring cavities do not ignite, such as in the
upper left corner. This can be attributed to a slight bump in the metal grid. Only at

voltages above 1000V all cavities are ignited.

By evaluating the camera images, a measure of surface covering can be found. Using
a script that separates the cavities from the background and detects the ignition, the
number of ignited cavities can be determined. This evaluation is plotted against the
applied voltage in Figure 5.6 (b). It shows that the surface covering increases with
the voltage until all cavities are ignited and the curve saturates at 100%. This result
can now be compared with the evaluation of the QV-diagrams. For this purpose, the
capacitances Cg and (4" are determined for each voltage and the parameter j is
calculated. As discussed before, the value Cy,; used for this is difficult to determine
and has an uncertainty of 15%. Furthermore, the linear fits performed also have un-
certainties. For Cley, the uncertainty is 5%. For (J!%* on the other hand, a smaller
voltage range is used for the fit, which increases the uncertainty to 10%. The confidence

interval can be calculated from the uncertainty propagation and lies between 30-40%.
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The results are also plotted in Figure 5.6 (b). The red curve shows the values for
Cgiee = 1nF and the blue curve for Cy; = 0.9nF. Both curves reproduce the pro-
file measured with the ICCD camera very well, whereby the absolute values with
Cgiee = 0.9nF show better agreement. As previously discussed, the error bars are
very large and are only drawn at two points for the sake of readability. Even though
both curves reproduce the measurement of the ICCD camera taking into account the
errors, the result suggests that Cy;e; is 0.9 nF rather than the previously calculated 1 nF.
Nevertheless, finally it is not possible to determine an exact value for Cy;,;. On the one
hand, the calculation gives only an upper limit due to the neglect of the cavities, thus
a value of Uy = 0.9nF seems realistic. On the other hand, it seems that the curves
are not yet completely saturated. This would imply that g continues to grow at higher
voltages and in the case of Cy;; = 0.9 nF would take on values above 100%. This would
again suggest a value of Cy; = 1nF. In addition, the camera measurement must also
be discussed. Here, a distinction can only be made between ignited and non-ignited
cavities. In reality, however, the plasma density and thus also the conductivity changes
with the applied voltage. This cannot be resolved with this measurement and could

also explain the deviations of the profiles.

In conclusion, the good agreement between optical and electrical measurements is a
great success and offers many possibilities for future applications. In plasma catalysis,
diagnostics can help determine the plasma coverage of a catalytic surface. As up-
scaling can result in more complex geometries and thus limited optical access, camera
measurements are no longer possible. QV-plot evaluations can provide a valuable
alternative here. Moreover, the measurements show that the estimation of Cy;,; = 1 nF
is justified, allowing the parameters a and § to be used for further evaluations, such

as gap voltage or discharge current.

Gap voltage, discharge current and transported charge

In addition to the surface covering, the gap voltage, the discharge current and the trans-
ported charge can also be calculated with the help of the determined capacitances. The
results are exemplary shown in Figure 5.7. All curves shown are from a simultaneous

measurement of voltage, current, charge and emission, including an evaluation of the
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Figure 5.7: Voltage, current, charge and emission characteristics. V,, = 780V, f =

15kHz, d = 200 pm, 950 mbar helium atmosphere.

The first plot (Figure 5.7 (a)) compares the applied voltage V' (t) with the calculated
gap voltage U,(t), which takes into account the shielding by surface charges. The areas
where the discharge is on or off can be determined using the emission. It is noticeable
that the gap voltage follows the applied voltage in the phases without discharge. How-
ever, as soon as the plasma ignites, the voltage remains constant. This fits perfectly
with the classical DBD theory. The plasma current deposits charges on the dielectric

which counteract the external field. Only by increasing the external voltage the result-
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ing electric field can be kept constant. When the external voltage is reversed, the gap
voltage drops as well. The slope is lower than that of the external voltage, since there

is still an influence of the surface charges.

The next plot (Figure 5.7 (b)) compares the measured current I(¢) with the discharge
jr(t) or displacement current i4(t) calculated from the QV-diagram. Although the dis-
placement and discharge current were determined independently, the sum of the two
is fairly close to the measured current. In the unignited case, the displacement cur-
rent (determined by the change in external voltage) is equal to the measured current
because there is no discharge current. With a ramp voltage, this current would result
in a square wave signal. Small deviations in the voltage caused by the amplifier result
in differences from this shape, such as a peak at the beginning. The ignition of the
plasma is indicated by an increase in the discharge current, which also shows up as
an offset in the measured current. Here, the displacement current deviates from the
square wave form as well, since it is influenced by the shielding charges. The discharge
current remains quite constant with a slight dip in the middle of the active phase.
When the polarity of the voltage is reversed, the current does not disappear immedi-
ately, contrary to expectation. A slow exponential decay is visible over a few ps. This
means that charges continue to be transported in the same direction as before. It could
imply that the surface charges do not fully compensate for the external field. This also
fits to the measurement of the gap voltage, which does not show a different polarity
directly after the reversal point. Furthermore, the emission (Figure 5.7 (d)) shows a
slow decay (approximately 6 ps), which is not exclusively due to the decay time of the
photomultiplier (approximately 1ps). Since the decay of the discharge extends into
the actually passive phase, the measurement of C,.; is influenced, which can lead to

an increase at high voltages.

The third plot (Figure 5.7 (¢)) compares the directly measured charge Q(t) with the
calculated charge moved through the volume onto the surface gg(t). Again, the ex-
pectations from the classical DBD theory are fulfilled. As soon as a plasma current
is present, charges are transported towards the surface, where they build up. Since

the discharge current is constant, the charge buildup is linear. Once the discharge is
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extinguished, the charge remains constant. Only when the discharge is ignited again,

the charges are reduced again, or the surface is charged with the other polarity.

In the measurements shown, a relatively low voltage of 780V was used. The discharge
behavior changes significantly at higher voltages. Figure 5.8 shows a comparison of the

measurements with voltages between 600 and 1400 V.
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Figure 5.8: Discharge current (a), gap voltage (b), emission (¢) and charge (d) de-
pending on the applied voltage. Conditions: f = 15kHz, d = 200 pm, 950 mbar helium

atmosphere.

The most significant difference is visible in the discharge current (Figure 5.8 (a)). With
higher voltage, the discharge ignites earlier within the period, since the ignition voltage
is reached more quickly. In addition, the amplitude of the discharge current increases
from 5mA to up to 20mA. The previously described dip in the middle of the active
phase becomes more pronounced with increasing voltage, so that two maxima per half

phase become clearly visible. The higher the applied voltage, the faster the discharge
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current decays after the reversal point. From 1000V, the discharge current does not
only decay but even changes its direction. This phenomenon is known as back dis-
charge. Here, the field induced by the surface charges from the previous discharge
becomes so large that charges are accelerated in the opposite direction or even a new
discharge can ignite. This effect can also be seen in the photomultiplier signal (Figure
5.8 (c)), where the emission increases already before the actual ignition, or does not

drop to zero.

The effect of longer discharge is also visible in the gap voltage (Figure 5.8 (b)). How-
ever, the gap voltage does not saturate immediately upon ignition as is the case with
small voltages. Initially, the slope of the gap voltage flattens out. Only later in the
active phase does the voltage become constant. This indicates that at higher voltages
the surface charges are initially not sufficient to completely compensate for the external
voltage and that equilibrium can only be achieved during the course of the discharge.
For all voltages used, the maximum is about 150 V. This agrees with measurements of

the electric field. Here, the field is also independent of the applied voltage [28].

Another difference for higher voltage becomes apparent in the charge (Figure 5.8 (d)).
This is no longer constant at higher voltages in the passive phase, but forms a peak.
After that, the charge decays slowly until a constant value is reached again or, at very
high voltages, the next discharge is ignited directly. Interestingly, the maximum charge
is reached after the reversal point of the voltage. This can be explained again by the
continuing gap voltage, which is sufficient to transport volume charges further through
the gas gap. If no back discharge takes place, the charge slowly decays as charge carriers
diffuse in the volume or recombine and the external field becomes smaller and smaller
and at some point is no longer sufficient for transport. Then, only the surface charges

remain until the next ignition.

A sketch describing the various contributions of the charges is shown in Figure 5.9.
The part of the surface charge is shown in light grey and the part of the volume charge
in dark grey. For comparison, the measured total moved charge and the calculated gap

voltage are also shown. Here it is particularly clear that the surface charge remains
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Figure 5.9: Sketch of the assumed contributions of surface and volume charge to the
measured charged. Conditions: V,, = 690V, f = 15kHz, d = 200 pm, 950 mbar helium

atmosphere.

constant after the discharge has expired, while the volume charges drop exponentially
with a decay time of approximately 6ps. This behavior is almost identical for both
half-phases, although a shift of the absolute charge amplitude to positive charges can
be seen. This could be attributed to the geometry of the reactor, but is not fully

understood.

The emission also changes with the voltage (see Figure 5.8 (c¢)). As already described,
the ignition times shift further and further forward. In addition, there is the effect of
the back discharge, so that the discharge hardly extinguishes and is almost permanently
ignited. During the active phase, several peaks can be detected in the emission. As
with the discharge current, it must be noted here that the signal is integrated over
thousands of cavities. This means that individual discharge pulses cannot be resolved.

However, the result shows that the discharge exhibits a global pulsing behavior.

5.1.4 Modeling of power profiles

As described above, the power in the case of the single array is almost perfectly linearly
dependent on the applied voltage. This is consistent with the theory of ideal volume
DBD (v-DBD), where the dependence of the power on the applied voltage follows from

a geometric view of the QV-plot [84]. Here, C..; and Cy; are constant for each voltage
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and the discharge always ignites with the same ignition voltage V. This means that
all sides of the parallelogram can be described and the area or the dissipated power is

only dependent on the applied voltage V' and frequency f, resulting in a linear curve

[149]:

P =4f(Cgiet — Cee) Vo(V = Vo) (5.3)

However, the reactor consists of many individual cavities, so the linear behavior must
be questioned. Even if a combination of many different linear processes would result in
an overall linear process, it is known from the previous measurements that the ignition
times of the individual cavities are different. This means that the number of ignited
cavities initially changes significantly with the applied voltage. As it was previously
shown that the power is directly proportional to the number of cavities (see section
5.1.2), a non-constant slope would have been expected. For this reason, the dependence

of the power should be examined in more detail.

An exemplary power measurement as a
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Figure 5.10: Power and surface covering
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plied by the fraction of ignited cavities, helium atmosphere.

it becomes clear that the deviation from

linear behavior disappears. It can be concluded that the individual cavities and thus
also the combination of many cavities exhibit linear behavior, like a classic volume

DBD. However, if the number of cavities or the discharge expansion changes with the

voltage, deviations arise that are reminiscent of the behavior of a surface DBD.
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The behavior of surface DBDs (s-DBD) is very different. In this case, profiles are often
observed that deviate significantly from a linear behavior and are frequently described
in the following form [150]:

P=AV -V)" (5.4)

Here, A and n are interdependent parameters, with n typically lying between 2 and
3. This behavior can be explained by the fact that the geometric considerations of the
ideal DBD no longer apply to an s-DBD. It is true that C,.; is also constant in this
case. However, Cy;; is time and voltage dependent, as the discharge can spread across

the surface.

An approach that attempts to solve the problem of time depended capacitances in order
to describe the power dependence of s-DBDs on the applied voltage was presented by
Pipa et al. [151]. Here, the equivalent circuit approach is extended. The used circuit
consists of the elements typical of DBDs (see section 3.1.2), but with the difference that
these are represented as multiple identical and sequential elements in order to take the
expansion of the discharge into account. It is concluded that the active phase of the

discharge can be described as follows:
Q=a(V?=V§)+ CealV (5.5)

In addition to the parameters already described, the parameter « is used to consider
the properties of the dielectric. The idea of the approach is to approximate the curved
shape of the active phase of the QV-plot (e.g. almond shape) in order to be able to

determine the power geometrically again:

p= %VQ(V — V) (5.6)

Figure 5.11 shows the different models in comparison to the measurement data in the
micro cavity plasma array. In addition, micro scaled plasma trenches (MSPT) were
investigated. These differ from the normal cavity structure, as a larger plasma volume
is possible here, which leads to higher overall power. Due to the larger electrode area,

a more pronounced s-DBD characteristic can be assumed.
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Figure 5.11: Power as a function of the applied voltage for a single cavity structure
array (a) and a MSPT structure array (b) in comparison with a v-DBD and s-DBD
model. f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.

The linear model of the ideal v-DBD and the non-linear model that approximates the
almond-shaped QV-plot of an s-DBD were used. The parameters required for the mod-
els were determined in each case from the QV-plot. However, the voltage at which the
QV-plot is evaluated must be discussed. For the v-DBD model, it is assumed that the
capacitances C.; and Cy;. are constant for all voltages. As shown in Figure 5.5, this
is not the case for the micro cavity plasma array. In addition, the slope of the active
phase changes over time, as it is usual for an s-DBD, thus it is not clear which slope has
to be chosen exactly. The best agreement with the measured data is achieved for both,
the cavities and the trenches, for the voltage above which almost no cavities are added

(single array: 750V, MSPT: 700V). The average capacitance Q_"diel was used in each case.

In the literature, the s-DBD model is typically applied to the highest applied voltage.
At this point, the model can reproduce the power very well. However, this approach
tends to underestimate power at lower voltages. Conversely, when the QV-plot is eval-
uated at a lower voltage, where not all cavities have ignited, the model can better
capture the curve’s shape at these lower voltages. Nonetheless, this adjustment leads

to an overestimation of power at higher voltages.

Overall, single array and MSPT show comparable results. For both reactors, it can be

concluded that they initially behave at low voltages like an s-DBD. Here, a higher volt-
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age leads to an expansion of the plasma along the surface (see Figure 5.12). This can
be the ignition of new cavities (macroscopic) as well as expansion within the cavities
or trenches (microscopic). However, the potential discharge expansion is limited due
to the small geometric dimensions. Once the entire surface is covered, both reactors
behave like a v-DBD. In this case, the discharge can only spread in the direction of the

cavity volume.

The main difference between the two reactors is the

area that can theoretically be covered by the dis-

charge. In the case of the MSPT, the larger sur-

face area means that the s-DBD characteristic persists

for higher voltages than with the cavities and thus be-

comes more pronounced. The same effects are also

observed for the typically used quadruple array struc-

ture with different cavity diameters in one reactor (not

shown here). Accordingly, the models can provide a Figure 5.12: Sketch of
simple picture that reflects a combination of v-DBD pacroscopic and micro-
and s-DBD characteristics. However, both approaches gcopic discharge propaga-
only work for very specific parameters, thus direct mea- tjon depending on voltage
surements are recommended over the model for applica- (v]<v2<v3).

tion.

The main reason for the deviation of the models lies in the QV-plots used. A perfect
parallelogram with voltage-independent slopes is assumed for the v-DBD model. In
the s-DBD model, on the other hand, an almond-shaped QV-plot is fitted. In reality,
however, the measurements available here are more likely to be described as a hexagon.
The passive phase is again described by C..;. The active phase initially starts with
a capacitance (. Towards the end of the active phase, the capacitance is increased
again to (paz, creating a third side. Due to the symmetry of IPP and DPP, a hexagon
is formed in which the opposite sides are parallel. The observation of two different
slopes in the active phase matches the observations of emission and current, in which,

in addition to an ignition peak, a further peak was also visible at the end of the
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discharge (see Figure 5.8). One possible explanation could be that the volume or
surface DBD mode is not only dependent on the voltage amplitude, but that both
modes can be observed simultaneously within a half-phase. When a single cavity is
ignited, the discharge initially spreads along the dielectric. Once the surface is covered,
the discharge can only spread in the direction of the volume. Depending on the voltage
amplitude applied, the critical voltage at which the surface is completely covered is
reached faster in time. With large voltage amplitudes, this means that the s-DBD
characteristic only accounts for a small fraction of the total period and therefore the

v-DBD characteristic dominates. At low voltage amplitudes, it is the other way round.

5.1.5 Discharge duration and ignition voltage

The differences between IPP and DPP can be particularly observed in their ignition
behavior. For this purpose, the ignition timings, corresponding voltages, and discharge
durations can be analyzed based on the previously discussed photomultiplier measure-

ments. The results are shown in Figure 5.13.
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Figure 5.13: Discharge duration (a) and ignition voltage (b) depending on the applied
voltage. Conditions: f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.

The discharge durations of the respective half-phases, depending on the applied volt-
age, are displayed in Figure 5.13 (a). It becomes evident that with increasing voltage,
the discharge can be sustained for longer durations. At an applied voltage of 1300V,
the discharge can be maintained for nearly 30ps, which is almost the duration of a

half-period. Since the end of the discharge is determined by the voltage reversal point,
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a longer discharge duration implies an earlier ignition time. This behavior is expected,
as a higher voltage amplitude at a constant frequency allows the necessary ignition

voltage to be reached earlier.

However, when examining the ignition voltage (see Figure 5.13 (b)), it is not constant
but decreases with the applied voltage. This effect is so pronounced that at an ap-
plied voltage of approximately 800V, it is already possible to ignite before the zero
crossing, i.e., with reversed polarity. This effect is caused by the so called memory
effect e.g. by residual charges from the previous period. The charges are applied to
the dielectric in the previous half-phase and shield the field. If the external voltage
is reversed, the charges no longer shield the field, but increase it additionally. As a
result, the field required for ignition is reached earlier. This effect is considered in
the discussed gap voltage (also shown in Figure 5.13 (b)). It becomes apparent here
that the effective electric field, which is influenced by surface charges, points in the
same direction regardless of the applied voltage, meaning its polarity does not change.
However, the ignition gap voltage is also not constant, but decreases with increasing
voltage. This can have various causes. On the one hand, the memory effect goes be-
yond the surface charges. For example, metastable atoms, which are easy to ionize and
thus simplify ignition, can survive between the discharge phases in the volume. As the
time between two discharges becomes shorter and shorter, the memory effect becomes
more significant. On the other hand, as the voltage increases, the gas temperature also
increases, causing the gas density and, according to Paschen’s law, the ignition voltage
to decrease. Furthermore, the temperature and surface charges can also change the

coefficients for secondary electron emission, which could further support the ignition.

Another information that can be taken from the measurements is the difference be-
tween IPP and DPP. Figure 5.13 (a) shows that the discharge in the DPP generally
lasts longer than the IPP, which means earlier ignition. This effect becomes even
stronger with increasing voltage. The same effect can be seen in the ignition voltage
(see Figure 5.13 (b)). Here, for comparability, the sign of the ignition voltage of the
DPP has been reversed. The results show that the memory effect works differently in

the two half-phases. In the IPP, positive charges or electron vacancies are deposited
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on the dielectric. These are assumed to be in the valence band and are therefore more
strongly bound than negative charges that are assumed to be on the surface or in the
conducting band. This means that the lifetime of the surface charges after the IPP,
i.e. before the DPP, is longer than in the contrary case. The higher number of surface
charges before the DPP supports the field with the result that a sufficient ignition

voltage is reached earlier in the period.

The gap voltage shows only minor differences between IPP and DPP, which are in
the order of magnitude of the uncertainty of the diagnostics. However, it cannot be
ruled out that there are also differences here due to the volume memory effect. This
includes, for example, ionization by metastable helium atoms, which cannot be taken

into account by the methods used here.

5.1.6 Influence of the applied frequency on the discharge

In addition to the applied voltage, the frequency is also a parameter that can be used to
control the discharge performance and that can influence the discharge mode. Figure
5.14 (a) shows a power measurement as a function of frequency for different voltages.
A clear linear dependence can be seen. This was to be expected, since more discharges
per time are ignited linearly with increasing frequency. Nevertheless, it is striking that

the discharge behavior per discharge apparently barely changes with frequency.

The similarity of the individual discharges becomes particularly apparent when indi-
vidual QV-plots are compared (see Figure 5.14 (b)). The area indicating the dissipated
energy per period changes only slightly for different frequencies. Nevertheless, small
changes can be observed. For example, the shape of the QV-plot at low frequencies
more closely resembles a parallelogram than at higher frequencies. This difference is
most visible in the passive phases. This can be explained by the memory effect. As dis-
cussed before, the slope of the QV-plot or the capacitance can be influenced by surface
or volume charges. The lower the frequency, the lower the influence of these charges,
since the time between two pulses increases significantly. Therefore, C., i.e. the slope
of the passive phase, is influenced by charges from the last pulse, especially at high

frequencies. At low frequencies, the memory effect plays a more subordinate role due
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The influence of the memory effect is particularly noticeable when observing the emis-

sion. Figure 5.15 (a) shows the optical emission for different frequencies. For better

comparability, one period is shown for each measurement, which means that the time

axis is based on different period durations. As assumed before, the emission shows

similar characteristics for all frequencies. Ignition occurs in the IPP and DPP in the
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form of a strong pulse. This pulse then changes into a constant emission, whereby the
emission increases again towards the end of the half-phase before the plasma is extin-
guished. The higher the frequency, the earlier in the period the plasma can be ignited,
since the time to the last pulse is short and thus charges or excited species can support
the ignition. At high frequencies, the effect is so strong that the plasma can ignite again

immediately after extinguishing, allowing emission to be measured almost continuously.

The support of the ignition by the memory effect has the consequence that the discharge
characteristic adapts slightly. While at low frequencies a distinct narrow ignition pulse
can be seen, this pulse becomes increasingly wider in the case of high frequencies.
At very high frequencies, this pulse can no longer be separated from the rest of the
emission. This effect is also caused by the representation of the time axis. A wider
pulse does not necessarily mean a temporally longer ignition phase. For this reason,
the widths of the ignition pulses in Figure 5.15 (a) have been converted into a time (see
Figure 5.15 (b)). It is noticeable that in reality this duration is not longer but even
shorter for higher frequencies. While the ignition phase at 1kHz lasts approximately
55 ps, the duration for higher frequencies becomes constant at approximately 10 ps.
This can again be explained by the fact that ignition is supported by the memory
effect. At low frequencies, the time between pulses is so long that fewer charged or
excited species are present to support ignition. This makes ignition more difficult in
general. Since the measurement is integrated over many cavities and ignition takes

place at different times (not supported by memory effect), the peak is broadened.

5.1.7 Conclusion: Classification of the discharge mode

After the fundamental properties of the discharge have been characterized with the
help of electrical and optical measurements, it can now be classified to a discharge
mode. In pure helium, a homogeneous and not a filamentized discharge was observed
here. For this reason, a distinction must be made in the following between APTD and
APGD (see section 2.1.2). Table 2.1 can be used as a reference point for differentia-
tion. However, two important points should be noted here. Firstly, the table refers to
a single DBD. In the case of the MCPA, the properties of 1156 cavities are superim-

posed, which makes the interpretation of the results very complex. Secondly, not all
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parameters for determining the discharge mode could be measured in this work. For

example, there is no knowledge about the electron, ion or metastable densities.

One of the easiest parameters to measure is the current density. This is between 10
and 55mA /cm? when considering only the discharge current for the parameters used
here and the cavity area. The order of magnitude is comparable to previous measure-
ments [22, 147] and can be assigned to the APGD mode. The situation is different
with the power density. In this work, this is between 55 and 400 W /cm? at 10 kHz.
These values are significantly higher than the reference values in Table 2.1 and cannot
be included in the evaluation as a result. One reason could be the difference between
the plasma volumes. In the literature, reactors with an electrode spacing of a few mm
were commonly considered. In this case, the cavities are only 50 pm high. In addition,
the discharge is not limited to the cavity of which the volume was used for the calcu-

lation, but can also exist in the area above, so that the volume cannot be clearly defined.

The gap voltage provides further insight into the discharge mode. Here, a Townsend
plateau forms in the APTD and the voltage is constant, whereas in the APGD a cath-
ode drop is observed and the voltage decreases [49]. In the measurements shown here, a
clear influence of the ignition on the gap voltage can be seen. At low applied voltages,
this is constant or even decreases slightly after ignition. At higher applied voltages,
the gap voltage initially increases and saturates at a later point in time. Here too, it
is difficult to assign the discharge to a specific mode, as characteristics of both modes
are observed. In addition, the gap voltage can again only be determined for all cavities

simultaneously, which means that it is smoothed to a certain extent.

However, the most significant difference between APTD and APGD is the length of the
discharge pulses. In the APTD, these differences are in the range of 10 pus while in the
APGD they are in the range of 1yus [152]. The previously drawn discharge current or
emission pulses have a width of 5-10 us and can therefore be associated with APTD at
first glance. However, these measurements are strongly broadened due to the averaging
over all cavities. In addition, as mentioned way above the temporal resolution of the

photomultiplier used is limited. In Figure 6.3, the emission of a single cavity is mea-
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sured using an ICCD camera, which is discussed in more detail later. Nevertheless with
the ICCD, it can be seen that at least the first ignition peak is significantly narrower

than previously observed and can be assigned to the APGD.

In summary, it can be stated that the discharge pulses can most likely be classified as
an APGD, even if the distinction is not clear due to a lack of information for example
on electron densities and the superposition of many cavities. This finding fits very well
with the literature, in which most helium discharges are assigned to an APGD [47, 49,
59, 153, 154]. Besides, APGDs occur mainly at larger electrode distances in the mm
range. This is where the regions typical for a glow discharge form, such as a positive
column. In the case of cavities in the pm range, it can be assumed that not all re-
gions can form completely and, for example, the positive column, i.e. the quasi-neutral
plasma region, only accounts for a small part of the discharge. All in all this makes

the discharge comparable to a glow discharge, although there are still slight differences.

Even if the discharge can be categorized as an APGD, this classification does not yet
fit completely, as it is only defined for a single discharge pulse. However, when looking
at the emission or the discharge current, it is noticeable that the discharge does not
extinguish after the ignition pulse, but is maintained. Depending on the parameters,
further pulses follow. This can be assigned to a pseudo-glow or quasi-continuous glow
discharge mode. This occurs when the applied voltage continues to rise after the igni-
tion of an APGD. The charges on the dielectric are then no longer sufficient to shield
the field and the discharge can ignite again. If the gap voltage is equal to the ignition
voltage again after ignition of the first pulse, a further discharge pulse follows. This can
be the case either after a few ps (pseudo glow) or instantaneously (continuous/quasi-
pulseless glow) [37, 155], so that the discharge does not extinguish until the voltage

reverses.

In the case of pure helium, the discharge could additionally be supported by metasta-
bles. These are formed during the first ignition and can assist ignition by Penning
ionization of trace impurities such as nitrogen or by stepwise ionization. As a result,

the ignition voltage is reduced and is already reached again during the first discharge
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pulse. The influence of the metastables between the two half-phases is particularly no-
ticeable. Especially at higher voltages and thus earlier ignition times, the discharge no
longer extinguishes at all (see Figure 5.8). Despite a short lifetime of 5 ps, the density
is apparently sufficient to maintain the discharge, albeit weakly. One reason for this is
that the largest loss channel of the metastables is the formation of dimers, which still
have an energy of 19.2eV and are therefore likewise sufficient for Penning ionization of
the impurities. Only when the time between half-phases becomes too long the losses,
e.g. due to diffusion and collisions, are sufficiently high that a completely new ignition

is required.

In addition to the discharge mode of the individual pulses, the results indicate that the
reactor cannot be distinctly classified as either volume DBD or surface DBD. Instead,
it exhibits characteristics of a mixed form, where one type may dominate depending
on external parameters. Additionally, it is evident that the discharges are significantly

influenced by the memory effect.

5.2 Influence of surface charges on the discharge

The following results on surface charges, were developed in collaboration with Robin
Labenski, whose master thesis was supervised in the course of this dissertation. For
this reason, some parts of the following section have already been published in the
master’s thesis entitled "Laser-induced manipulation of charges in a dielectric barrier
surface discharge at atmospheric pressure” (2023) [156]. Moreover, a joint paper has
emerged from the results, which has already been published [144].

In the following section, surface charges deposited during the discharge phases are dis-
cussed in more detail. Initial insights into the charges have already been gained using
the equivalent circuit approach. In addition, a simplified model has been developed
that distinguishes between surface charges and volume charges (see Figure 5.9). How-
ever, only the combination of surface charges and volume charges can be measured
directly with the equivalent circuit approach. A number of assumptions are necessary

to separate the two types of charge. To change this, a relay circuit was added to the
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experimental setup as described in chapter 4. Furthermore, a laser setup is used to not
only detect the charges, but also to actively manipulate them in order to study their

influence on the discharge.

5.2.1 Determination of the surface charge by a relay circuit

Figure 5.16: Switching off the external voltage by means of a relay circuit to determine
the surface charge. Measured voltage and charge (volume + surface) depending on
time. Conditions: V = 600V, f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.
Adapted from [144].

A relay circuit enables the reactor to be disconnected from the applied voltage within
a short time. Without an applied voltage, the volume charges diffuse out of the volume
under consideration within a short period of time. However, the surface charges have
a significantly longer lifetime, allowing them to be measured at a later point in time.
Figure 5.16 shows the switching-off behavior of the circuit with additional relay. For
this purpose, the measured voltage and the charge are shown as a function of time.
The voltage drops quickly to zero when switching off. The charge on the other hand
also drops rapidly at first, but saturates at a certain value. The relationship between
volume and surface charge becomes clear here. The volume charges have a short life-
time due to recombination or diffusion and decay within a few ps. The surface charges,
however, can persist for minutes or even longer. This means that a near-equilibrium
charge is created as soon as the volume charge has decayed. This equilibrium then

corresponds purely to the surface charge. In the following, the surface charge is always
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determined 100 ps after switching off the voltage. Due to the surface charges long decay
time, their quantity at the instant the relay is switched must be practically identical
to that evaluated 100 s later. Using this, the moved charge qr at t=0 can be deter-
mined using equation 5.7, which is simplified compared to equation 3.28, as no voltage
is applied. Since the volume charges are no longer included in the measurement, the

transported charge now corresponds to the surface charge.

1
Caiel

¢ (t =0) =
The advantage of the relay circuit is that it can be controlled using a function gen-
erator. This in turn can be triggered with the desired frequency and delay, allowing
the measurement of the surface charge to be carried out at different phases of the dis-
charge. This allows the results to be displayed as a Lissajous figure. However, it is
not the measured total charge that is plotted here, but only the surface charge against
the applied voltage (see Figure 5.17). The result is an almost perfect parallelogram.
During the active phases, the surface charge increases linearly with the voltage. This
was to be expected, as the growing external electric field repeatedly overcomes the op-
posing field through the surface charges and further charge carriers can be transported
to the surface through the discharge. Once the voltage has reached its maximum (or
minimum), the discharge expires as the surface charges compensate for the external
field. No further charge carriers are added and the surface charge remains constant.

As the polarity of the applied voltage changes, the surface charges support the next

ignition and the process runs in the opposite direction.

Figure 5.17) (b) shows a disadvantage of the method of switching off. At higher volt-
ages, the surface charge saturates at the end of the active phases before the discharge
extinguishes. This effect can be attributed to the phenomenon of back discharging. If
the surface charge is very high and the discharge is switched off quickly, the electric
field resulting from the surface charge can be sufficient to ignite the discharge directly
in the reverse direction. This reduces the surface charge, as charge carriers of the oppo-
site polarity reach the surface, which means that it is no longer possible to determine
the actual surface charge. However, this effect only occurs at higher voltages and is

initially so small that the actual charge can still be estimated. Furthermore, the di-
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Figure 5.17: Surfaces QV-plot for 600V (a) and 1000V (b). Conditions f = 15 kHz,
d = 200 pm, 950 mbar helium atmosphere. Adapted from [156].

agnostics of surface charges are particularly interesting for plasma catalysis. As more
complex gas mixtures are used here, which generally require higher ignition voltages

than pure helium, back discharges are reduced.

Figure 5.18: Comparison of the calculated transported charge with the measured
surface charge. Conditions: V = 600V, f = 15kHz, d = 200 pm, 950 mbar helium
atmosphere. Adapted from [144].

Instead of drawing a plot of the surface charge against the applied voltage, it can also
be plotted against time (see Figure 5.18). Here, a comparison can be made between
the calculated transported charge and the surface charge. During the discharge (active

phase), the transported charge and surface charge are almost identical. Both ampli-
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tude and profile match each other very well. The difference becomes clear again when
the discharge ends. Here, the surface charge remains constant, while the transported
charge continues to increase. This can be explained by the persistent gap voltage (see
section 5.1.3). If the gap voltage also decreases, no more charges can be transported
and the volume charge carrier density slowly decreases until only the surface charges

are present.

The method described can therefore be used to determine absolute charge carrier den-
sities in addition to the qualitative behaviour of the surface charge. In the case shown
above, for example, the charge reaches a maximum of 24 nC. With 1156 cavities inte-
grated using this method, this corresponds to a mean charge density of approximately
16nC/cm?. However, it should be noted that not all cavities may be ignited at the
same time. Furthermore, it is not known whether the charges are evenly distributed
over the cavity surface or occur in clusters. For this reason, the value of 16 nC/cm?
is only of limited significance. Nevertheless, the measured order of magnitude of the
charge carrier density on the surface is quite comparable with other dielectric barrier

discharges in the literature [51, 85, 91, 157, 158].

In addition to the possibility of using the method as a diagnostic, it can also be used
to control the surface charge. The discharge can be used to charge the surface and
switched off as soon as the desired charge is reached. This has various applications.
On the one hand, as shown below, the subsequent discharges can be modified, as the
memory effect can be manipulated and adjusted. On the other hand, the method offers
promising possibilities for further investigations of the surface charges. For example, a
catalyst could be charged using the method and then the catalytic properties could be

investigated in dependence of the surface charge.

The influence of pre-charging the surface on the discharge is shown in Figure 5.19.
The ignition of the increasing potential phase (IPP) is observed here. This means that
a negative precharge of the surface supports ignition. The more negative the charge,
the lower the ignition voltage. If the surface is charged more positive, the ignition

voltage increases, as the electric field is partially shielded and the surface charges must
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be compensated. The scattering of the measured values can be explained by the gen-
erally statistical nature of the ignition process. Nevertheless, a clear linear trend can
be identified. Without precharging, the ignition voltage is 347 V. A linear fit demon-
strates that, for each nC of precharge, an additional voltage of 5.75V is required for
ignition. For charges greater than 22 nC, the discharge can not be ignited in every case
but only coincidentally in the IPP. Only a change of polarity (start of DPP), in which
the surface charges no longer have a shielding but a supporting effect, leads to a new

ignition.

In this way, the discharge or the first ig-
nition can be strongly manipulated. Due
to the shielding effect of the charge, it can
be expected that the effective electric field
remains almost unchanged during igni-
tion despite the increasing voltage. How-
ever, since the local charge distribution
is not known, it can be assumed that an
increased ignition voltage in combination
with inhomogeneously distributed surface
charges can lead to a significantly differ- Figure 5.19: Ignition voltage as a func-

tion of the pre-surface charge within the

IPP. Conditions: V = 960V, f = 15kHz,

ent electric field distribution in the vol-

ume. This would have an influence on the
d = 200 pm, 950 mbar helium atmosphere.

Adapted from [144].

acceleration and resulting energy of elec-
trons and thus on the overall discharge
dynamics. Although this investigation
goes beyond the scope of this work, it could offer the possibility of tailoring the dis-

charge for applications such as plasma catalysis in the future.

5.2.2 Laser charge manipulation

In the following section, the surface charge is to be influenced with a laser instead of
switching off the discharge. This has various advantages. Firstly, a laser offers the

possibility of influencing the discharge in a spatially and temporally resolved manner.
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In addition, modification is possible during plasma operation. This reduces a drawback
of the switching-off method, as the discharge is repeatedly interrupted and requires a
few seconds to return to the previous equilibrium when switched on again. By using a

laser, the discharge can be operated continuously.

The method has already been applied by Tschiersch et al [92]. The results were sum-
marised in section 3.1.3. The setup used in the following is described in section 4.3. A
laser (532 or 1064 nm) irradiates the dielectric of the reactor to influence the surface
charges. At the same time, the plasma emission is observed using a photomultiplier
and the charge or surface charge is monitored as before. Due to the structure of the
array, the metal grid is inevitably irradiated by the laser in addition to the dielectric,

which can cause further effects.

Volume effects, in contrast, can be excluded to a certain extent. The laser wavelengths
used are not sufficient to ionize helium or helium metastables. Although the experi-
ments are carried out in a vacuum chamber, the possibility of small amounts of oxygen
or nitrogen impurities entering the discharge cannot be ruled out. Negative oxygen
ions would be generated in the discharge and laser photo ablation would play a role.
However, it is known from the literature that these effects are significantly stronger
at 532nm than at 1064 nm due to the photon energy required [95]. As no differences
could be observed in this work between measurements at different wavelengths, it is
concluded that laser photo ablation plays a subordinate role here, if any. For this

reason, a distinction can only be made between surface and electrode effects.

Figure 5.20 shows the results of the laser charge manipulation analogue to the mea-
surements of Tschiersch et al [95]. The upper Figure shows the voltage, as well as
an emission measurement from the period before the laser (pre) and an emission mea-
surement from the period directly after (post) the laser. The lower Figure shows the
difference in the measured charge. A point in time was selected for the laser at which
the dielectric is negatively charged and the discharge has not yet ignited. For this
reason, no emission is initially visible. However, it can be seen that the ignition occurs

earlier, but slightly weaker, than in the case without the laser. This is known from
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Figure 5.20: Laser charge ablation shortly before ignition with a wavelength of A\ =
532nm before ignition of the IPP. Conditions: V = 600V, f = 15kHz, d = 200 pm,
950 mbar helium atmosphere. Adapted from [144].

the literature and can be attributed to detached surface charges that support the next
ignition. The lower ignition voltage results in a lower electric field, so that the charge
carriers are accelerated less and the ionization, excitation and thus emission is less
strong. This also means that, due to the lower memory effect, the next pulse is ignited

later but more strongly.

Instead of showing a comparison of the charge, the difference between the charge before
and after the laser is shown, as the differences here are in the low percentage range.
As known from the literature [95], no difference in the charge is visible when the laser
hits, as the number of charges released is below the detection limit. However, the effect
of the laser is clearly visible in the discharge, as the detached charges are sufficient to

change the memory effect and thus the entire discharge.

Due to the exact reproduction of the results known from the literature, it can be
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assumed that laser charge ablation also works in the micro cavity plasma array. Overall,
however, there are two differences to the literature. Firstly, the effect can only be
recognized at low applied voltages. This can be attributed to the volume charges at
high voltages. These increase with the voltage and can compensate for the low number
of charges released from the surface, so that the effect is no longer visible. But if the
laser is fired at low voltages shortly before ignition, as in this example, there are hardly
any or no volume charges, and the ignition is supported exclusively by the detached
charges. A second difference is that the effects can be observed in both half-phases.
This means that, unlike in the literature, positive charge carriers can also be released.
This can have two explanations. Firstly, a different dielectric material (zirconium oxide
instead of float glass) is used. This material may bind positive charges less strongly
due to the different electron affinity. On the other hand, the powered electrode is also
hit by the laser in addition to the dielectric. No surface charges are expected here due
to the conductive properties. However, the laser could potentially also release charges
from the material here, which would have the same influence on the discharge as in the

other half phase.

In the measurements discussed so far, the main aim was to reproduce the results known
from the literature, in which the surface was charged but no discharge had yet been
ignited. In the following, the behaviour of the discharge when the laser hits the surface
during the active phase is investigated. First, the behaviour shortly after ignition of

the DPP (Tp, = 26 ps) is considered (see Figure 5.21).

Unlike before, the measured charge changes immediately when the laser hits the surface.
Accordingly, more charges are transported here than in an uninfluenced discharge. The
difference then stabilises around zero again, albeit with a slight negative offset. This
means that the next pulse can be ignited more easily. This behaviour can also be seen
in the emission. Unfortunately, the laser intensity could not be completely eliminated
from the PMT data in this measurement, so that the emission within the first 4 s
overlaps that of the discharge. Nevertheless, it can be assumed that the emission
increases at this point due to the increased charges. Gradually, the discharge returns

to the charge equilibrium that prevailed before the laser and the effect of the laser
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Figure 5.21: Laser charge ablation shortly after ignition with a wavelength of A =
532nm within the DPP. Conditions: V = 962V, f = 15kHz, d = 200 pm, 950 mbar
helium atmosphere. Adapted from [144].

becomes smaller. In the case shown here, although, the next half-phase also ignites
earlier. However, this effect is not reproducible in all measurements and could not be
clarified conclusively. It should be noted that the results discussed here are independent

of the voltage amplitude applied, unlike in the case discussed above.

If the laser is now used towards the end of the DPP (T, = 26ps), the result changes
(see Figure 5.22). The influence of the laser is also immediately visible here, resulting
in a large difference in the surface charge. The difference, however, is that the discharge
extinguishes shortly after the laser emission. This means that the discharge no longer
has time to reduce the charge imbalance and the disturbance remains until the next
ignition. The additional charges enable the next discharge to be ignited significantly

earlier.

The difference in the ignition times depending on the time at which the laser hits the
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Figure 5.22: Laser charge ablation shortly before extinction with a wavelength of
A = 532nm within the DPP. Conditions: V=962V, f = 15kHz, d = 200 pm, 950 mbar
helium atmosphere. Adapted from [144].

surface is shown in Figure 5.23. If the laser hits the surface at the beginning or shortly
before discharge, charges are released and the ongoing pulse is amplified. However,
the discharge continues for so long that the discharge returns to its old equilibrium.
For this reason, the influence of the additional charges on the next pulse is visible
but relatively small. The situation is different at the end of the half-phase. Here,
the additional charges cannot be dissipated until the next half-phase and significantly

increase the memory effect, whereby the next discharge can ignite up to 1.4 s faster.

Laser metal grid interaction

Overall, the behaviour of IPP and DPP is very comparable, so that the results of
IPP are not presented here. However, this comparability of the two half-phases is
very surprising, especially given the results shown so far and the asymmetry of the
reactor. One reason could be the influence of the metal grid, which is hit by the laser

in addition to the dielectric. If a large influence comes from this grid, the effect is the
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Figure 5.23: Ignition time differences depending on the time of laser emission. V =

962V, f = 15kHz, d = 200 pm, 950 mbar helium atmosphere. Adapted from [144].

same in both half-phases and the presumably asymmetrical effects within the cavity
would be superimposed. However, this would change if the laser no longer hits the
array exclusively vertically, but at an inclined angle. In this case, the grid part within
the cavities (edges of the cavities) would additionally be irradiated and an influence
could become visible. For this reason, the angle between the reactor and the laser is to
be increased in the following. As a result, the dielectric is gradually shaded, but the

area of the irradiated grid increases due to the addition of the cavity edges.

The results are shown in Figure 5.24. The normalised maximal surface charge difference
was determined as a function of the angle between the laser and the surface. For
comparison, the theoretical area irradiated by the laser was calculated in combination
with the laser cross section on the surface. The IPP is initially not sensitive to the
angle. Only when the angle is too large the shadowing is so strong that the laser no

longer has any influence on the charge.

Basic geometric model

The behaviour in the IPP can be understood by basic geometric considerations. Most
of the shading comes from the metal frame with a height of 0.7 mm that holds the grid
on the reactor (see Figure 5.25 (a)). In addition, it must be noted that the rotation
increases the effective area of the laser beam. As the beam previously irradiated the

entire array structure, by rotating it, areas outside the array are now also exposed.
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Figure 5.24: Normalised maximum surface charge difference depending on the angle
between laser beam and surface. In addition, the normalised theoretical surface area
hit by the laser was calculated in combination with the incoming laser intensity. Con-
ditions: V = 1173V, f = 15kHz, d = 200 pm, 950 mbar helium atmosphere. Adapted
from [144].

This reduces the intensity reaching the array, which can be described using a cosine
term. The unshaded area combined with the incoming laser intensity can be expressed

as follows:

0.07
Aiop(9) = [1 ~ Tan(90° — )

However, the laser intensity depends not only on the geometry, but also on the beam

Jcostto 53)

profile itself. In the simplest case of a flat-top profile, the cosine term would be suf-
ficient. Typically, Gaussian beam profiles are used, as in this work. In this case, the
influence at the edges would only be significant at larger angles. This can be taken
into account with the help of the parameter a. In this case, a = 0.1 was chosen, which

leads to a very good agreement with the measurements.

In the calculations discussed so far, the shading of the dielectric by the grid has been
neglected and nevertheless an almost perfect agreement between theory and experi-
ment has been achieved. In a calculation analogous to the shading by the metal frame,

it is noticeable that the dielectric is already completely shaded at ¢ = 75°. However, as
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the charge effects are still visible up to ¢ > 80°, it can be concluded that the dielectric
surface hit by the laser has no or a negligible influence on the charge dynamics and

that the greatest effects are caused by the metal grid.

However, the situation is completely dif-
ferent in the DPP. Here, the influence of
the angle on the charges initially rises sig-
nificantly and then decreases at larger an-
gles as in the IPP due to the shadowing.
The increase can be explained by an ad-

ditional term for the walls of the cavities:

Asoprwan(é) = Awp(@)[1 +2"]  (5.9)

Here, x expresses the fraction of the
cavity wall that is exposed to the laser
beam (see Figure 5.25 (b)). For ¢ <
75° the wall’s entire length of 50pm Figure 5.25: a) Schematic representation

is irradiated. A simple sinusoidal rela- ©f the laser irradiated reactor of for an inci-

tionship follows from the projection of dence angle ¢ enclosed by the laser’s prop-
the wave front. For larger angles, the agation direction k and surface normal 7 of
wall is in turn shaded from the oppo- the plasma array. b) Microscopic view of

site side, which must be taken into ac- one plasma cavity during laser irradiation

count: in the DPP discharge. Taken from [144].
sin(¢), for ¢ < 75° (5.10a)
= 4
* 7 sin(o) - fan(g) = Leosto), for 75° < g < o0° (5.10D)

The parameter b can be used to describe the influence of the additional area on the
discharge. A value of b = 1 indicates a linear response of the discharge to the additional
surface area. However, the discharge is not distributed homogeneously along the cavity

wall. In the DPP in particular, it can be assumed that the lower area of the wall has
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a greater influence on the discharge than the upper part, because that is where the

electrons are accelerated to. A value of b = 1.4 best reproduces the measured data.

Differences between IPP and DPP

Even if both the angle-dependent behaviour of the IPP and the DPP can be described
geometrically, the question arises as to why there is a difference between the half-phases
in contrast to the previous measurements. Why is the influence of the angle so different
in the DPP than in the IPP and why does the irradiated area of the dielectric play

only a negligible role?

The main difference between IPP and DPP is the direction of discharge and the as-
sociated expansion of the discharge. In IPP, the electrons are accelerated out of the
cavity, where a diffuse, widespread discharge is created, which ignites more strongly at
the edges and also in the area above the cavity. In the DPP, on the other hand, the
electrons are accelerated into the cavity, whereby the discharge volume is limited to
the cavity and the discharge ignites in a very centered manner. This means that the
discharge in the IPP can be strongly influenced by the laser even at small angles, as
the top of the grid is also part of the discharge. In the DPP, on the other hand, the
discharge is only in contact with the inner sides of the grid, which are only irradiated
by the laser at larger angles. Another argument in favor of the difference is the differ-
ent discharge volume. As the DPP has a significantly smaller discharge volume, the

influence of an additional surface is greater than in the IPP.

Obviously, a large proportion of the observed effects are caused by the metal surface.
It is conceivable that the surface is heated by the laser. This could, for example, lead
to thermal emission of electrons which are then amplified in the plasma volume in an
avalanche-like manner. On the other hand, the secondary electron emission coefficient
could be increased by the laser. As a result, the discharge itself generates new charge
carriers on the surface. Both effects fit very well with the differences between IPP and
DPP, as the secondary electrons are mainly caused by ions that hit the surface and
the thermal emission is caused by electrons that leave the surface. Both effects would

therefore be amplified in the DPP, as electrons are accelerated away from the grid and
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ions are accelerated towards the grid. In the IPP, on the other hand, the effect is

weakened because the electric field points in the opposite direction.

The minor influence of the dielectric also matches the results already shown. Only
when the laser is fired at the charged surface before discharge at low voltages it is
possible to assume surface charges on the dielectric and to reproduce the results from
the literature. In the other cases (higher voltage, laser during discharge), the measured
effects can also be explained by surface effects on the metal grid. It can therefore be
assumed that there are always effects on both the dielectric and the metal grid, but
that the grid effects are so dominant that the effects on the dielectric can be neglected.
At low voltages, for example, the discharge volume in the IPP could be so small that
the discharge does not have contact with the grid surface that is hit by the laser. In
addition, the secondary electron emission at the surface is also dependent on the ion
density or energy, which could be lower at lower voltages. In this case, the effects on
the dielectric could dominate and become visible in the measurements. However, it is
very complex to experimentally verify this theory. The angle-dependent measurement
for low voltage has the disadvantage that not all cavities necessarily have to be ignited.

This means that it is not possible to determine the effective area irradiated by the laser.

Overall, the method can be used to adjust the discharge similarly to the switch-off
method, with several distinct advantages. Firstly, the laser offers spatial resolution,
allowing for precise manipulation of the discharge, which may be beneficial for future
applications. Additionally, the laser provides time resolution, enabling continuous oper-
ation without needing to switch the discharge off and on as before. This continuous op-
eration reduces the risk of back discharges and makes the process voltage-independent.
However, a downside is that the charge can be set only indirectly via additional charge
carriers from the metal grid, making the setup more complex and requiring modeling

of the discharge for specific applications.
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5.3 Determination of electric field components

The following results on the electric field were developed in collaboration with Henrik
van Impel, whose thesis was supervised in the course of this dissertation. For this rea-
son, some parts of the following section have already been published in the master’s
thesis entitled "Analysis of the electric field in a micro-scaled dielectric barrier dis-
charge" (2023) [18]. Moreover, a joint paper has emerged from the results, which has
already been published [107].

In addition to an electrical characterization and a discussion of the surface charges, a
consideration of the electric field is an useful approach for a fundamental description
of the discharge. This was already determined in a previous work by Dzikowski et al.
[28] as a function of various parameters using the Stark splitting of a helium line pair
(see section 3.2.1). In the following, these results are extended by further aspects. On
the one hand, the measurements are carried out with spatial resolution in order to
be able to determine the distribution of the electric field within the cavities. On the
other hand, the polarization of the emission observed is used to measure not only the

strength of the electric field but also its direction.

5.3.1 Spatial distribution of the electric field

For previous measurements of the electric field using the Stark effect, a setup typical for
optical emission spectroscopy was used, in which the light from the discharge is guided
through an optical fiber to a spectrograph. This has the advantage that the light can
be transported over long distances with low losses, making the experiment very flexible.
However, depending on the numerical aperture of the fiber used, the spatial resolution
of this measurement is very limited, meaning that averages are sometimes taken over
large volumes. Even if the resolution can be improved with optics, it is challenging to
resolve the cavities in the pm range to be examined here. An alternative to the fiber is
to image the discharge directly onto the slit of the spectrograph. This has the advantage
that the spatial information is not lost through the fiber, but is retained. The light is
imaged onto an ICCD chip at the end of the spectrograph. The resulting 2D images

show the wavelength dependence in one dimension and a 1D spatial dependence in the
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other dimension. In the case of the micro cavity plasma array, this method can be
used to measure along the diameter of several cavities simultaneously. To improve the
signal to noise ratio, the signals of the individual cavities can be accumulated to obtain
the average spatial dependence. Unfortunately, it is not directly possible to achieve
2D resolution with this method. Nevertheless, it is conceivable to move the discharge
in front of the slit of the spectrograph to scan along the second spatial dimension.

However, this is beyond the scope of this work.

Figure 5.26: 1D (left) and 2D (right) electric field distribution of the IPP and DPP.
Conditions: V = 1600V, f = 15kHz, d = 200 pm, exposure time = 3.5min. Adapted
from [78].

Figure 5.26 shows the spatially resolved field strength for IPP and DPP. The actual
measurement is shown on the left, where each point corresponds to a pixel line of
the ICCD. As the data points at the edge of the cavities are strongly influenced by
scattered light, they could not be evaluated at this point. For a better illustration of
the results, the measured 1D profile was extrapolated for the entire 2D cavity on the
right-hand side, assuming a symmetrical distribution. It is noticeable that the fields in

the center of the cavity are smaller and increase towards the edges. This effect is much
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more significant in the DPP compared to the IPP, where the distribution of the field
remains almost constant when the error bars are taken into account. In addition, it is
clear that the overall field strength in the IPP is lower than in the DPP, as previously
observed by Dzikowski et al. [28]. Both effects can be discussed on the basis of a field
distribution calculated using COMSOL.

Figure 5.27 shows a 2D-COMSOL simulation for the geometry of a cavity. An elec-
trostatic analysis was carried out, whereby no plasma effects were included. How-
ever, the applied voltage was adjusted to the previously determined gap voltage, thus
taking into account the shielding by surface charges, even if not spatially resolved.

The simulation can firstly reproduce
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the maximum field is present at the Figure 5.27: Static COMSOL simulation
corners, i.e. at the interfaces be- of the electric field strength distribution in
tween the powered electrode and the a cavity at 200V applied voltage. The di-
dielectric. The field strength de- electric surface is at y=0 pm and the cavity
creases towards the center of the cav- edges at x=0pm and x=200 pm. Adapted
ity and upwards towards the open- from [78].

ing.

The fact that a more significant location dependence of the field distribution prevails
in the DPP than in the IPP can presumably be explained by further shielding effects.
It is known that the discharge in the DPP ignites very concentrated in the cavity, so it

can be assumed that the surface charges also tend to concentrate in the center of the
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cavity. The IPP, on the other hand, tends to ignite at the edges. In the simulation,
only the total surface charge was taken into account, but not its spatial dependence.
As a result, the geometry-related field increase tends to be amplified at the edges in
the DPP, as less can be shielded here, but more in the center. In the IPP, on the other
hand, the field profile is more balanced, as the surface charges tend to be at the edges

and thus shield the strong field.

The difference in field strength between IPP and DPP can be explained by optical
emission spectroscopy. In the case of the micro cavity plasma array, the emission is
integrated in the y direction (line of sight). However, the measured field strength does
not correspond to the mean field in the volume under consideration, but is weighted
with the intensity distribution. In the DPP, the discharge ignites exclusively within the
cavities. As the electric field is also particularly high here, high fields are measured in
this case. In the IPP, however, the discharge ignites also in the area above the cavities.
As smaller fields tend to prevail here, the measured value is lower, even if the real field

inside the cavity could be the same as in the DPP.

A closer look at the measurement reveals a slight asymmetry between the left and
right edges. This can be explained by the alignment of the array relative to the slit
of the spectrometer. If the two components are not perfectly parallel to each other,
this leads to shadowing effects in the corners of the cavity. As this is precisely where
the largest fields prevail, the integration of the lines of sight means that even the
smallest deviations in the alignment are enough to influence the result. Despite these

effects, however, it was possible to keep the deviations due to shadowing to a minimum.

All in all, these diagnostics allow the already known electrical field measurements to
be extended by a spatial resolution. The results correspond closely to the discharge

dynamics already discussed.

5.3.2 Direction of the electric field components

In addition to the spatial distribution of the electric field, the dominant field directions

are interesting, as these influence the transport of charge carriers to the (catalytic)
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surface. The Stark splitting method can again be used for this. Here, the diagnostics
makes use of the fact that the emission of the observed helium transition is polarized
depending on the electric field direction (see section 3.2.1). As already mentioned, it is
not possible to determine the electric field direction with the conventional micro cavity
plasma array. Here, the field components under consideration are superimposed in
such a way that a polarization filter has no influence on the measurement (see section
3.2.1). For this reason, the following measurements are carried out with the use of
micro scaled plasma trenches. These have the same dimensions as the micro cavities,
but with the possibility of observing the discharge from the side and thus being able

to distinguish between the different electric field directions.
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Figure 5.28: Fit of the [2,1]7 transition of the 492 nm helium line for two perpendicular
positions of the polarizer in the DPP. Conditions: V = 1200V, f = 15kHz, d = 150 pm.
Adapted from [107].

Figure 5.28 shows a spectrum of the helium line pair under consideration at 492 nm
within the DPP. Here, the polarization filter was set horizontally and vertically to
the dielectric or to the bottom of the trench. It becomes clear that the forbidden
component is not changed. However, a clear shift in the allowed component can be
seen. This is due to the [2,1]” component. This is the only component of the fit that
contains only one type of polarization (7/0) and is therefore sensitive to the direction

of polarization. The observed emission of the [2,1]” component is generated by the
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electric field component that is perpendicular to the polarizer’s transmission direction.
From this relationship, the dominant electric field direction can be determined below.
For better illustration, only the fit of the [2,1] component is plotted in Figure 5.28
and not the entire fit over all components. To determine the electric field strength, the
distance between the field-free component and the [2,1]7 component was considered in

this case.

The polarizer can be rotated incremen-
tally to check the dominant electric field
direction. The alignment of the filter at
0° corresponds to a measurement of the
x-component. The z-component, on the
other hand, can be measured at £90°.
The results are shown in Figure 5.29 for
IPP and DPP. It is evident that, as pre-
viously observed, the field strength in the
DPP is higher than in the IPP. In addi-
tion, an angular dependence can be seen

Figure 5.29: Phase-resolved field strength

in the DPP. The component in x-direction components as a function of the rotation

is significantly larger than the component of the polarization filter. Conditions: V =
1200V, f = 15kHz, d = 150 pm. Adapted

from [78].

in z-direction. The field strength of the
IPP, however, does not show a dominant
component. The error bars shown for the

first and last result are from the wavelength calibration of the spectrometer.

When looking at a static analysis of the direction-dependent field strengths by COM-
SOL (see Figure 5.30), the measurement results discussed above seem surprising. Here,
in the middle of the trench or near the dielectric, the field in the z-direction exceeds the
field in the x-direction. However, this contradiction to the measurements can be re-
solved again with the spatial distribution of charges neglected in the simulation. In the
DPP, the discharge ignites centrally in the trench or in front of the dielectric surface.
This means that charges are deposited on the surface that shield the field, particularly

in the z-direction, thus resulting in the measured x-component being stronger than
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Figure 5.30: Static COMSOL simulation of the field strength of the x-component (a)

and z-component (b) in a trench at 200V applied voltage. Adapted from [107].

the z-component. In the IPP, the discharge ignites in the upper area of the trench
or even in the area above it, so that the effect of the shielding surface is significantly
lower. Furthermore, the simulation shows that the calculated field strengths for x- and
z-components are of the same order of magnitude in the upper area where the discharge

mainly ignites, which explains the non-angle-dependent behavior.

5.4 Outcome: Usability for plasma catalytic systems

In summary, the results presented in this chapter highlight the interaction between
(surface) charges and the electric field and their impact on discharge dynamics, which
could answer the first three research questions. By combining various diagnostic tech-
niques, a comprehensive picture of the discharge characteristics emerges, particularly
distinguished by its quasi-pulseless glow character, which sets it apart from typical
streamer-dominated discharges. Thereby, the reactor exhibits properties of both vol-
ume and surface DBDs due to its cavity structure. Notably, the influence of surface

charges and the resulting memory effect are significant.

Furthermore, the results demonstrate that the micro cavity plasma array is an excit-
ing reactor for investigating plasma-catalytic mechanisms. Within the cavities, high
electric fields prevail, accelerating charge carriers which can drive plasma chemical

reactions. The measurements also indicate that charge carrier transport is directed
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primarily towards the dielectric surface, which can be spray-coated with a catalyst.
Here, the transport of plasma species (charge carriers, excited atoms or molecules,
reactive species) to the surface can trigger new catalytic processes or lower the temper-
ature required for the reaction. Furthermore, the asymmetry of the two half-phases can
help to address different aspects of plasma catalysis. While in the DPP the interaction
with the surface is in the foreground, in the IPP a larger gas volume can be treated,

as the discharge also ignites outside the cavity.

From the results shown here, it follows that the micro cavity plasma array is suitable
for the application of plasma catalysis. But above all that, the reactor is exceptionally
suitable for systematically investigating the fundamental mechanisms of plasma cataly-
sis. The diagnostics shown here can, for instance, be used to study how surface charges
influence plasma-catalytic reactions. Additionally, these methods can be employed to
control the memory effect, thereby setting the electric field distribution and tailoring
the transport of charge carriers, which could be beneficial for plasma-catalytic systems.
By measuring conversion rates as a function of the surface charges or the tuned field

distribution, the various processes can be decoupled and the dominant mechanisms

identified.
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6 Characterization of the reactive

model system oxygen

In order to approach the overall goal of plasma catalysis in a micro cavity plasma ar-
ray, a model system consisting of helium and molecular oxygen is investigated in the
following. This system is used to observe the effect of molecular gases and reactive
species on the discharge. In addition, diagnostics, e.g. for the determination of species
densities, can be tested. The choice of oxygen is particularly suitable for plasma catal-
ysis, as it is required for the oxidation of molecules such as n-butane. In addition,
oxygen can interact with the catalytic surface and, for example, activate it or prevent
it from coking. For this reason, the gas is needed for the subsequent application in any
case, but is easier to analyze than more complex molecules such as n-butane, methane
or carbon dioxide due to the less complex plasma chemistry. By understanding the
model system oxygen, optimal operating parameters or reactor designs, e.g. for the
conversion of gases, can then be determined in a next step in order to prepare studies

with more complex molecules and catalytic surfaces.

To characterize the oxygen system, the discharge dynamics are first compared to the
previously discussed pure helium system. This addresses the question of how oxygen
influences the discharge and whether the discharge mode changes. In the final part, the
effectiveness of molecular oxygen dissociation and the resulting density distribution is
examined. The densities of atomic oxygen is determined both within the cavities and
in the area above them. By linking these measurements, insights into the transport of

reactive species can be gained.
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6.1 Discharge mode transition: from helium to oxygen

It is known from the literature that adding oxygen to helium can drastically change
the discharge mode (see section 2.1.2). To verify this in the micro cavity plasma array,
the previously discussed helium mode is used as a starting point, and oxygen is incre-
mentally added. The changes in the discharge are observed using various diagnostics,

such as power measurements, optical ICCD imaging, and electric field measurements.

6.1.1 Dissipated power depending on the oxygen admixture

A very simple method to observe the influence of the admixture on the discharge is to
measure the dissipated power. For this purpose, a voltage variation was carried out for
different oxygen admixtures (see Figure 6.1 (a)). It can be seen that the already known
linear dependency after ignition is maintained. However, both the ignition voltage and
the slope of the curve change with the admixture. As a result, in the measurements
shown here, the dissipated power decreases with the added oxygen for a given applied
voltage. Nevertheless, since the slope of the voltage increases with the admixture, it can
be assumed that this behavior is reversed at higher voltages resulting in the dissipated
power with admixture being higher than without admixture. Unfortunately, this could

not be investigated with the discharge used.
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Figure 6.1: Power depending on the applied voltage for different oxygen admixtures(a)
and power slope, ignition voltage and (g (b) depending on the oxygen admixture.
Conditions: V,, = 1200V, f = 15kHz, d = 200 pm, 950 mbar helium atmosphere.
Adapted from [159].

For better comparability, the slope of the power and the ignition voltage are shown
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as a function of the oxygen admixture (see Figure 6.1 (b)). In addition, the QV-plots
of the measurements were evaluated and (g was determined, which represents the
capacitance in the case of a short-circuited discharge (active phase) (see section 3.1.2).
As previously observed, the slope and the ignition voltage increase with the addition of
oxygen. The ignition voltage starts at approximately 500V and initially rises steeply
up to an admixture of 1% and 900V, leveling off and saturating in a range of 1100 V.
The power slope behaves similarly and also rises steeply at first and levels off at ap-
proximately 1%, although it does not saturate but continues to rise monotonically. (e
shows the opposite trend and initially decreases steeply before continuing to decrease
monotonically flatter from 1% admixture. Once the various variables have been deter-
mined, the power curves can again be described using equation 5.3, which specifies the

power in volume DBDs.

Although the power curves can still be explained with the same model and are quite
similar, certain parameters such as ignition voltage and capacity are highly dependent
on the admixture. For the ignition voltage, this is already known from the literature
and can be attributed to various reasons [38]. On the one hand, part of the energy
of the discharge is used for the excitation of vibrational and rotational states of the
oxygen molecule and is therefore no longer available for ionization. On the other hand,
the EEDF is influenced because additional loss processes such as electron attachment
can take place. In addition, metastable helium atoms, which can support ignition,
are very effectively quenched by oxygen. A higher voltage is therefore necessary to
compensate for these losses. The course of (4 can also be explained physically. This
value indicates the degree to which the discharge channel is filled with a discharge
and is therefore short-circuited. In the case of the MCPA, the drop depending on the
admixture can have two causes. Firstly, the number of ignited cavities may decrease.
This would be reasonable as the ignition voltage increases. If there are now differences
in the electrode distances between the different cavities, for example due to inaccuracies
in the construction, the ignition criterion (dependence on distance and voltage) could
no longer be fulfilled. On the other hand, the discharge may no longer completely fill
the individual cavity, but instead form filaments, for example, which is discussed in

more detail later.
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Even if the trends of the quantities discussed above are comprehensible, the exact
curves still indicate a mode transition. The change is very strong for small admixtures
and becomes smaller for higher admixtures. It is also noticeable that all curves show
a dip or bump at approximately 0.3% admixture, which is reproducible. This cannot

yet be explained on the basis of this measurement, but is taken up again later.

6.1.2 Spatially and temporally resolved imaging of the discharge

The transition of the discharge mode can be observed even more precisely using I[CCD
images. In Figure 6.2 (a), the discharge was imaged on the ICCD in such a way that
only nine individual cavities can be seen, which enables a very high spatial resolution
(1.4 um per pixel) within a single cavity. The Figure shows an image from the IPP and

DPP for a pure helium discharge as well as for an oxygen admixture.
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Figure 6.2: 2D resolved emission and mean cavity filling depending on the oxygen
admixture. Conditions: V,, = 1200V, f = 15kHz, d = 200 pm, gate time = 200 ns (for
IPP and DPP each in the center of the half phase), exposure time = 25ms. Adapted
from [159].

Without admixture, the already known asymmetrical temporal characteristic between

IPP and DPP is visible [22, 28, 77]. In the IPP, the discharge ignites mainly at the
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edges, creating a ring structure in the emission, whereas in the DPP, ignition tends to
occur more in the center of the cavity. This can again be attributed to the different di-
rections of electron movement. However, a different picture emerges with the addition
of oxygen. In the IPP, although a ring structure also forms, it is much less pronounced
and in some cases does not extend over the entire circumference of the cavity. The
difference is even more striking in the DPP. Here, the emission is particularly strong at
a certain edge region and decreases towards the opposite side. The location of this edge
region differs from cavity to cavity and appears to be randomly distributed. On closer
examination, an emission structure reminiscent of striations is noticeable in the DPP.
These can be caused, for example, by an attachment instability, which is known to oc-
cur in electro-negative gases such as oxygen [160]. Here, an increase in electron density
leads to a reduction in the electric field through shielding. As a result, the electrons
are accelerated less, so that the electron temperature drops. At lower temperatures,
however, the attachment rate decreases and the loss of electrons is reduced, which
effectively leads to a further increase in electron density and the cycle starts all over
again. Typically, a longitudinal electric field is required for this instability. This fits
very well with the previous results in which a dominant electric field was determined
within the DPP in x-direction parallel to the dielectric (see section 5.3.2). While a
homogeneous discharge forms in the entire cavity in pure helium, individual filaments
form at one location with the addition of oxygen, which can then propagate along the
dominant field. Even if propagation in the x-direction dominates, a z-component (e.g.,
from the upper grid edge to the dielectric) may also be present. However, this cannot
be observed, as integration takes place in this direction. It must also be noted that the
electric field distribution with admixture can be significantly more complex. On the one
hand, the filamentary discharge strongly influences the field in a location-dependent
manner. On the other hand, the filaments cause surface charges to be concentrated
rather than evenly distributed on the dielectric, leading to a complex field distribution

within the cavity.

Overall, it is noticeable that the emission range becomes smaller with admixture, which
may indicate a transition to a filamentized discharge. For this reason, Figure 6.2 (b)

shows the mean cavity filling as a function of the admixture. The proportion of the
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total cavity size accounted for by the discharge or emission was evaluated here. There
is a clear drop that starts for pure helium at approximately 86% filling and falls to 25%
filling with an admixture of 0.5% oxygen and saturates there. This curve is in good
agreement with the previously discussed ( value, which likewise indicates the surface
occupancy to a certain degree. Similar arguments can be introduced here as well. For
example, the increased quenching means that in some regions of the cavity, the ignition
criterion is no longer fulfilled due to the lack of metastables. Furthermore, a reduction
in the size of the discharge is known from the theory of streamers. Here, the radius of a
streamer is related to the change in the ionization coefficient with the electric field. In
the case of electronegative gases, however, the ionization coefficient must be corrected

by the attachment rate resulting in a reduction of the radius [19].

Time resolved imaging of a single cavity

The discharge mode transition becomes particularly clear when the emission of a single
cavity is displayed time-resolved (see Figure 6.3). The ICCD images shown above (Fig-
ure 6.2) were used here and one cavity was cut out in each case. For each image, the
measurement, point within the voltage period is shifted by 200 ns in order to achieve
a time resolution. One cavity is then cut out of each image and the average intensity
is plotted against time. The period begins with the IPP, followed by the DPP. In
pure helium, the emission structure is comparable to the structure already known from
photomultiplier measurements. However, the different cavities are not superimposed
here, making the individual pulses appear much narrower. The APGD mode already
discussed, or a quasi-pulseless glow discharge, becomes clear. This changes drastically
when oxygen is added. Initially, the emission decreases (not shown here due to nor-
malization). This was to be expected due to the quenching. However, the emission
structure also changes fundamentally. Individual, clearly separable discharge pulses
can be seen. Here, IPP and DPP differ significantly from each other. In the DPP,
the pulses are clearly separated from each other and the discharge extinguishes in the
meantime (pseudo-glow), whereas in the IPP, emission can still be seen between the
pulses. The DPP shows the emission structure known from the literature with the
strongest emission at the beginning and a decreasing intensity with each subsequent

pulse. This behavior is known for pseudo glow discharges [37]. The volume memory
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effect offers an explanation. With each pulse, volume charges and metastable species
are created which can partially survive until the next pulse. These can support the
ignition so that lower fields are required. However, this means that the charge carriers
are less accelerated and multiplied, resulting in a weaker pulse. As the effect accumu-

lates with each pulse, the subsequent pulses become weaker and weaker.

No clear structure can be seen in the IPP. In many cases, however, the strongest
emission can be seen in the middle of the half-phase. The greatest change in the
discharge characteristic is noticeable as soon as a very small amount of oxygen is added.
If the concentration is increased further, the emission changes only slightly, for example
in the number of pulses. One reason for this could be the temporal averaging of the
results. Although there is a time resolution of 200 ns, to achieve this it is necessary to
accumulate over several periods. In the DPP, it appears that the timing of the pulses
per cavity is very reproducible, whereas in the IPP, pulses from different periods are
likely to overlap. This observation fits in with the characteristics of IPP and DPP
discussed so far. During an ignition in the DPP, the electrons are accelerated into
the cavity. The region in which ignition occurs is determined by the geometry (point
with the smallest electrode distance) and is therefore very reproducible. In the IPP,
the electrons are accelerated out of the cavity. This means that the volume in which
ignition takes place is much larger, which generally leads to a more diffuse appearance.
Here, the ignition criterion can be fulfilled at different locations at different times. In
addition, external effects such as volume charges from previous discharges or cosmic
radiation can play a statistically greater role than in the DPP. On the one hand, this
increases the absolute number of peaks, as the ignition criterion is more likely to be
fulfilled, but on the other hand it can also lead to a superposition of peaks due to
the higher randomness when averaging over time. The intensity distribution can thus
likewise be discussed. It appears that the emission is significantly higher in the DPP
than in the IPP. However, if integrated over the entire half-phase, these are comparable.
This is due to the fact that in the DPP the emission is always accumulated at the same

times, but in the IPP it is distributed over the entire half-phase.
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Figure 6.3: Emission of a single cavity depending on the oxygen admixture. Condi-
tions: V,, = 1200V, f = 15kHz, d = 200 um, gate time = 200ns, 950 mbar helium
atmosphere. Adapted from [159].

Imaging of single cavities depending on the oxygen admixture

The measurement was repeated with a lower resolution (changing the lens) in order
to be able to investigate the change with the admixture in more detail. Although the
spatial resolution is lower here, meaning that effects such as striations can no longer be
observed, it is possible to record the entire cavity structure simultaneously. Features
such as the number of discharge pulses, the duration of the discharge, the ignition
time or the ratio of maximum to average emission can now be extracted from the
measurements. Due to the high number of cavities, meaningful statistics are generated.

The results are shown in Figure 6.4 for both IPP and DPP.

First of all, the number of discharge pulses (Figure 6.4 (a)) can be observed. In the
case of pure helium, the initial ignition peaks of the half phases dominate here. This is
followed by the quasi-pulseless glow. In some cases, further pulses occur at the end of
the respective half-phases, resulting in a value of the number of pulses between 2-4. As
soon as oxygen is added, individual pulses are visible. The number increases to approx-
imately 6 pulses per half-phase up to an admixture of 0.33% and then decreases again.

One explanation is a transition from a quasi-pulseless glow discharge to a pseudo-glow
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Figure 6.4: Number of peaks (a), ratio of maximum to mean intensity (b), discharge
length (c) and ignition delay (d) depending on the oxygen admixture. V,, = 1200V, f
= 15kHz, d = 200 pm, 950 mbar helium atmosphere. Adapted from [159].

discharge, which can be carried less by metastable atoms due to quenching, but is sub-
ject to the same mechanisms within its pulses (see section 2.1.2). Thus, pulses become
visible at times when the discharge was already igniting before, although without a
pulse but only a glow. However, the more oxygen is added, the later the first pulse can
ignite. As the pulses have a comparable width and period regardless of the admixture,
it can be assumed that the number must decrease with high admixtures, as simply no
more pulses can be added into the half-phase. In principle, more pulses can be observed
in the IPP than in the DPP, which is related to the easier to achieve ignition criterion

already discussed.

To confirm the previous results, another parameter, the ratio of maximum to mean
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emission, can be considered (see Figure 6.4 (b)). This provides a measure of whether
the discharge is dominated by pulses or by a continuous glow. As expected, the curve
is similar to that previously observed for the number of pulses. In addition, it becomes
clear once again that the DPP is dominated more by pulses than the IPP, which has

already been described previously.

There are hardly any differences between IPP and DPP in the discharge duration or
ignition time (see Figures 6.4 (c) and (d)). As the ignition voltage increases with the
addition of oxygen, ignition is also increasingly delayed. This results in the discharge
becoming shorter and shorter, as the end of the discharge is defined by the reversal
point of the voltage and is therefore constant. FEven if monotonically increasing or
decreasing curves can be seen here and therefore no maximum or minimum occurs, a
small dip between 0.2 and 0.33% admixture can still be seen. This is therefore exactly

at the point where a maximum was seen in the number of pulses.

Overall, the measurement demonstrates the influence of oxygen on the discharge very
well. In pure helium, a quasi-pulseless glow discharge prevails. If some oxygen is added,
the discharge changes to a pseudo glow discharge. Here, individual glow discharges are
still ignited, but the ignition criterion is no longer fulfilled instantaneously (quenching of
the metastables), resulting in individual pulses. If the oxygen concentration is increased
further, the metastables have less and less influence on the discharge, meaning that
the individual pulses extinguish more quickly. Nevertheless, the discharge can re-ignite
more frequently per half-phase. However, as the time of the first ignition occurs later
and later, the time window in which ignitions can take place becomes shorter, causing
the number of pulses to decrease again from a certain point. As previously seen in the
ICCD images, the discharge continues to contract. Accordingly, with an admixture of
approximately 1% a further mode transition takes place here from homogeneous glow

discharge (APGD) to a filament discharge, which is dominated by streamers.
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6.1.3 Effect of oxygen on the electric field

The following results on the electric field were developed in collaboration with Henrik
van Impel, whose thesis was supervised in the course of this dissertation. For this rea-
son, some parts of the following section have already been published in the master’s
thesis entitled "Analysis of the electric field in a micro-scaled dielectric barrier dis-

charge" (2023) [78].

Another parameter that clearly shows the mode transition of oxygen addition is the
electric field. As described above, the electric field in the MCPA can be determined via
the Stark splitting of a helium line pair. Figure 6.5 shows two spectra of the helium
492 nm line, which is used for diagnostics, for different oxygen admixtures. At a low ad-
dition of 0.25%, the spectra are comparable to the previously discussed spectra in pure
helium. The splitting into allowed and forbidden components is evident. The field-free
component plays a subordinate role. In comparison, the spectrum with a higher oxygen
admixture of 2% differs significantly. Here, the allowed and forbidden components are
closer together. In addition, the field-free component makes up a dominant part of the
spectrum. This means that the measured electric field is lower and there are even areas
in the discharge where the field is completely shielded. Furthermore, it is noticeable
that the fit no longer fits the data perfectly, especially on the outer edges. One reason
for this could be that the emission is integrated over the entire cavity. In the case of
a non-homogeneous discharge, areas with higher and lower electric fields occur here.
The more different the fields are, the more components would have to be taken into

account in the fit.

Overall, the measurements fit very well with the already discussed mode transition to
a filamentary discharge. Filamentary discharges can be described with the streamer
mechanism. There are two regions here. The streamer head and the streamer channel.
Very high electric fields prevail in the streamer head, which are sufficient to ionize
further. If the emission from this region is measured, very high fields and thus a large
displacement of the allowed and forbidden lines can be expected. However, the magni-
tude of these fields can vary, since not only one cavity, but an entire cavity structure

is spatially integrated and additionally temporally integrated over several periods. As
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Figure 6.5: Fit of the 492nm helium line within the DPP to determine the electric
field for 0.25% (a) and 2.00% (b) oxygen admixture. Conditions: 2slm He; 600 V; d =
150 pm. Adapted from [159].

a result, the measured spectrum actually consists of many different displaced lines,
which lead to smearing out and uncertainty in the fit, particularly at the outer edges,
as only the mean value can be taken into account here. Due to the high charge carrier
densities, a shielded quasi-neutral area is created in the streamer channel. Emission
from this part of the discharge should therefore not be influenced by an electric field

and thus leads to a dominant field-free component in the spectrum.

To further analyze the transition, the electric field is plotted as a function of oxygen
admixture (see Figure 6.6). The electric field values range from 20 to 35kV /cm, align-
ing with previous studies on pure helium [28, 107]. The fitting uncertainty, estimated
to 5kV /cm, is not displayed in the plot for clarity. Notably, the electric field initially
increases with rising oxygen admixture, consistent with earlier findings that show the
ignition voltage shifts with increasing admixture, requiring higher electric fields for igni-
tion. However, between 0.25 % and 0.5 % admixture, the measured electric field begins
to decrease, which can be attributed to the transition to a streamer-based discharge. In
this regime, the high density of charge carriers forms a shielded, quasi-neutral channel.
This transition is also evident from the increase in the fraction of the field-free line

(also shown in Figure 6.6).
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grated over a larger volume, particularly

in regions farther from the electrode, the overall measured electric fields appear weaker.
Moreover, the larger volume increases the likelihood of forming a positive column,
which is characteristic of a quasi-neutral region in glow discharges. As the admix-
ture increases, the field-free component in the IPP also rises, though more gradually,
suggesting the onset of a filamentary discharge. However, as indicated by emission mea-
surements, this transition is less pronounced compared to the DPP, indicating that the

IPP maintains a relatively diffuse, homogeneous discharge.

In contrast, the DPP behaves differently. No field-free component is observed in pure
helium, as the discharge remains confined to the cavity where the electric fields are
strongest. As the admixture increases, a clear transition in discharge mode occurs
between 0.25% and 0.75%, with the field-free fraction rising sharply to 0.8. This
indicates the formation of a filamentary discharge with a quasi-neutral channel, as

shown in Figure 6.2.
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6.2 Spatially resolved densities within micro cavities

Parts of this chapter about SEA measurements within the micro cavity plasma array

have already been published [110].

After discussing the transition from a pure helium discharge to a discharge with reactive
admixture, atomic oxygen densities in a helium-oxygen discharge are determined in
the following. For this purpose, 2D spatially resolved measurements are carried out
and parameters such as cavity diameter, applied voltage or oxygen admixture are
varied. Helium state enhanced actinometry is used as the diagnostic method, with

the advantage that also mean electron energies can be determined simultaneously.

6.2.1 Determination of the gas temperature

If particle densities are to be determined,
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of the used excited states, making the Figure 6.7: Rotational temperatures as a

knowledge of the gas temperature indis- function of voltage derived from the first

pensable. Tn the following, the gas tem- negative band of the nitrogen ion. Con-

ditions: 2slm He, 2sccm Og, 1sccm Ar.

Adopted from [110].

perature is determined using the rota-
tional temperature derived from the first
negative band of the nitrogen ion (see

subsection 3.2.3).



6. Characterization of the reactive model system oxygen 147

Figure 6.7 shows the calculated rotational temperatures as a function of the applied
voltage. Between 400 and 520V, the temperature increases linearly from 650 to 800 K.
At higher voltages up to 800V, the temperature saturates and reaches a maximum
of 850 K. The temperature range as well as the course of the temperature is known
from other micro discharges [18, 161] or DBDs [162]. At low voltages, the plasma is
confined in the cavities, where the temperatures are highest due to the strong electric
fields. When the voltage is increased, the plasma volume expands out of the cavities,
where the electric fields are lower and the plasma species come into direct contact with
the gas flow (room temperature) [77]. The losses lead to a saturation of the average
temperature. However, no spatial resolution in z-direction can be achieved using this
method, so that a temperature gradient, for example with hot temperatures at the

bottom of the cavity, cannot be ruled out.

6.2.2 2D spatially resolved density and energy distributions

With the previously introduced state enhanced actinometry (see subsection 3.2.2),
atomic oxygen densities and mean electron energies can now be determined within the
micro cavity plasma array. The actinometry setup described in section 4.2 is used for
this purpose. The ICCD makes it possible to measure the emission of the discharge
with 2D spatial and temporal resolution. The tunable filter can reach all wavelengths
required for actinometry and switch between the different wavelengths within approxi-
mately 200 ms. The combination of ICCD and tunable filter provides a fast setup that
is ideally suited for SEA. It allows to calculate the atomic oxygen density and mean
electron energy for each pixel of the ICCD with the SEA model with only one measure-

ment. An example measurement is shown in Figure 6.8 and is discussed in the following.

Prior to each measurement, the temperature of the gas was allowed to stabilize to
ensure a state of equilibrium. This means that measurements are averaged over at
least 75,000 periods. Figure 6.8 (a) shows the atomic oxygen density for a sub-array
structure of a quadruple structure array with a cavity diameter of 200 pm. The voltage
is 800V with an oxygen admixture of 0.1%. All except five cavities are ignited. The

deviations can be attributed to manufacturing inaccuracies.
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Figure 6.8: 2D resolved oxygen densities (a) and mean electron energy (b). Condi-
tions: 2slm He, 2scem O, 1scem Ar; 800 V; d = 200 pm; exposure time = 58, adopted
from [110].

3 were measured. This is asso-

Overall, atomic oxygen densities in the range of 10?2 m~
ciated with a degree of dissociation of almost 100%, which implies that the molecular
oxygen is completely converted in the cavities. Very high dissociation degrees were
previously expected due to the high electric fields [28]. Moreover, additional oxygen
sources, which are not considered in the set gas flow, can affect the degree of dissoci-
ation. For example, if oxygen is deposited on the nickel grid or the dielectric between
two discharge pulses and is released again within a discharge pulse, the fraction of oxy-
gen in the gas composition increases. Although the high densities in this case appear

reasonable, the absolute values should not be overemphasized because of the uncer-

tainties associated with the method used.

Considering the 2D distribution of atomic oxygen, it is noticeable that in the center of
the sub-array structure the density is higher than at the edges. One possible explana-
tion for this is a temperature distribution across the cavity structure, in which higher
temperatures are present in the center than at the edges due to the higher cavity den-
sity. However, only spatially integrated temperatures can be determined by the OES
measurements. If the temperature at the edge is lower than assumed, the density at

this position is underestimated.
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The associated mean electron energies (shown in Figure 6.8 (b)) are in the range of 6-
9eV, which is comparable to the literature [75, 163]. Furthermore, the electron energy
is also consistent with the known electric fields within the plasma bulk in the range
of 30kV/em [28, 77]. With a mean free path length of about 2 pm, electrons can gain
about 6eV between two collisions from the electric field. Overall, the mean electron
energy varies much less than the oxygen density and remains almost constant across

the sub-array.

Density distributions in single cavities depending on the diameter

In addition to a density or energy distribution over the entire sub-array structure, dis-
tributions within individual cavities can also be investigated. Figure 6.8 shows that
the atomic oxygen density is higher at the edges than in the center of the cavity. This
fits well with the fact that the electric field is higher at the edges than in the center
[28]. Even if the local resolution is sufficient to observe the distribution of individual
cavities, the evaluation can be improved even further by averaging several cavities. For
this purpose, all individual cavities from Figure 6.8 are accumulated to an average cav-
ity. The results for three different cavity diameters (100, 150 and 200 pm) are shown

in Figure 6.9 for atomic oxygen density and mean electron energy.

The previously observed ring structure becomes even more clearly visible here. How-
ever, the overall variation of density and energy within a cavity is small (10%). Even
if the ring-shaped distribution of density and energy matches the measurements of the
electric field, these must be critically reviewed. The cavities shown in Figure 6.8 all
have in common that the density at the edges is higher than in the center. However,
not all of them show a ring structure, but in some cases a non-symmetrical concentra-
tion of density on one side of the cavity. By averaging over many cavities, where the
distribution is increased on a coincidental side at the edge, a ring structure is created
as well. This argument is supported by ICCD measurements at high oxygen admixture
and higher spatial resolution (see Figure 6.2 (a)). Here, a strong contraction of the
discharge at the edges is also observed. Overall, it can therefore be concluded that
although the ring structure is real for most cavities, it is amplified by averaging over

many cavities. However, since the general behavior is discussed in the following and
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Figure 6.9: 2D resolved oxygen densities (a-c) and mean electron energies (d-f) for
different cavity diameters (100-200 pm). Conditions: 2slm He, 2sccm Og, 1scem Ar;
800 V; exposure time = 55, adopted from [110].

only low oxygen additions are used, in which the discharge is very homogeneous and

not contracted, the averaging approach is retained.

The variation of the cavity diameter is mirrored in the ring structure. Nevertheless,
this is no longer as pronounced at smaller diameters, since the electric fields from the
edges are superimposed. Also oxygen density and electron energy stay of the same
order of magnitude. However, the resolution of the setup is limited, resulting in a
decrease in the number of ICCD pixels per cavity for small diameters. For this reason,
cavities with a diameter of 50 pm could not be evaluated and only the cavities with a

diameter of 200 pum is discussed below.
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6.2.3 Dependencies on external parameters

In addition to spatial and time-resolved measurements, integrated measurements can
be performed to determine the dependence on external parameters.

Voltage variation

The atomic oxygen density and mean
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explained by the increase in temperature

(see Figure 6.7). While the gas tempera-
ture increases with the voltage by a total
of about 20%, the density decreases by
about 20%, making the change in density

Figure 6.10: Atomic oxygen density and
mean electron energy as a function of volt-
2slm He, 2sccm O,

age. Conditions:

Iscem Ar; d = 200 pm, adopted from [110].

determined by the ideal gas law. How-
ever, this implies that the degree of dissociation remains constant and is independent

of the voltage.

The fact that the degree of dissociation remains constant regardless of the applied
voltage is consistent with the measured oxygen densities, which are very high. Even
low voltages of 400V are sufficient to completely dissociate the admixed oxygen, and

thus higher voltages can no longer increase the density.

The constant mean electron energy, on the other hand, is a consequence of the char-
acteristics of a dielectric barrier discharge. This ignites independently of the applied
voltage amplitude at a certain ignition field strength. By varying the voltage ampli-
tude, the ignition time and the number of ignitions per period can be increased, but

the ignition voltage remains constant. As a consequence, the electric field in which the
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electrons are accelerated remains almost constant [28], and so does the mean electron
energy. In addition, the EEDF is mainly dependent on the gas composition, which
remains the same. Furthermore, even at low voltage, the electron energy is sufficient
to drive all processes such as ionization and dissociation, thus when the voltage is
increased, no further processes are induced and the shape of the EEDF remains the
same. However, since the intensity of the emission increases with increasing voltage, it

can be assumed that the electron density increases.

Oxygen admixture variation

A different picture emerges when the oxy-

. . . . 10 T T T T T T 10
gen admixture is varied (Figure 6.11). ya

N ® I >

. . )

Here, the atomic oxygen density and the S 8 —" [ 183

~ o >

.. > - =

mean electron energy show a significant § 4. P 6 %

c

) 2 // c

dependence on the oxygen concentration. g ¥ g

S 4 4 B

(=] / 3]

. i Q

Between 0.01 and 0.15% admixture, the £ * °

o 2/ 2 3

: : . . . =3 )

oxygen density increases linearly. Within £ ! —=— atomic oxygen density £
= H ®— mean electron energy

1 1 1 1 _ 0 7! T T T T T O

this regime, the oxygen is completely dis o o5 10 15 20 os

sociated, thus an increase of the admix-

O, admixture / %

ture leads to an increase of the density. gy gure 6.11: Atomic oxygen density and

At higher admixtures, the degree of dis- mean electron energy as a function of Os-

sociation slowly decreases, causing the

admixture. Conditions: 2slm He, 1sccm
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although the slope decreases. The mean

electron energy behaves similarly. Initially, it increases steeply in the 0.01-0.15% ad-
mixture range from 6 to 7eV. Afterwards, the slope decreases and reaches 9eV at
2.5% admixture. This behavior can be explained by the additional oxygen molecules.
These can strongly influence the EEDF. On the one hand, additional vibrations and
rotational states are excited. On the other hand, quenching is significantly increased,
which leads to a lower ionization and electron density, requiring higher energies to
maintain the plasma. In addition, low-energy electrons can be consumed by processes

such as electron attachment, which further increases the mean electron energy.
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Both the atomic oxygen density and the mean electron energy show a dip between
0.25% and 0.5% oxygen admixture. Here, again the mode transition from a homoge-
neous helium glow discharge to a pulsed and contracted oxygen discharge is observed.
The point of transition is very comparable to the results from section 6.1. Interestingly,
the point of transition is exactly the point at which the degree of dissociation decreases
(not shown here). This means that the discharge is only slightly disturbed by small ad-
mixtures. The molecular oxygen is completely dissociated so that only atomic oxygen
is present in the discharge alongside helium. If enough oxygen is added to the discharge
that it can no longer be fully converted, i.e. the degree of dissociation decreases, the
transition begins. From this point onwards, molecular oxygen now also exists in the
discharge alongside helium and atomic oxygen. This makes the composition of the
discharge much more complex. In addition to the various atomic states, molecular
states such as vibrational and rotational states can now also be excited. Furthermore,
negative oxygen ions can be formed by electron attachment and quenching plays a
significantly increased role. Through the interplay of these effects, the transition of the

discharge mode can be explained very well by the change in gas composition.

6.3 Time-resolved characterization with oxygen

admixture

As previously established, the addition of oxygen drastically changes the discharge dy-
namics. Since the two half-phases differ significantly and the discharge within each
half-phase is pulsed, a time-resolved investigation is essential. For this purpose, the
ICCD setup previously used for SEA can be utilized to examine not only the temporal
properties but also further explore spatial properties. However, since this approach
generates large amounts of data and thus makes the analysis complex, this method is
only used for a fundamental understanding. A detailed analysis of the time-dependent
atomic oxygen density and mean electron energy is therefore conducted using a photo-
multiplier setup. To evaluate and contextualize these measurements, they are compared

to the time-dependent electric field in the following analysis.
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6.3.1 Time-resolved ICCD SEA measurements

In addition to a high spatial resolution, the ICCD setup offers the possibility to perform
time-resolved measurements. The micro cavity plasma array reactor is again operated
with a bipolar triangular voltage, so that IPP and DPP can be compared with each
other. The results shown here were each acquired with a gate time of 1us at half of
the ignited IPP or DPP (10 ps prior to the reversal point at which the discharge extin-

guishes). Thus there is half a period (approximately 33 is) between the measurements.

Figure 6.12: 2D resolved helium emissions (A = 706.5 nm), oxygen densities and mean
electron energies during the increasing potential phase (IPP) and decreasing potential
phase (DPP). Conditions: 2slm He, 2sccm Oy, 1scem Ar; 700 V; d = 200 pm; exposure

time = 10s; gate time = 1ps, adopted from [110].

Figure 6.12 (a) and (d) show the difference in helium emission (A = 706.5 nm, each
normalized to itself) between IPP and DPP. While the ring structure is again present
in the IPP, the emission within the DPP is centered inside the cavity. Moreover,
differences in the measured intensity can be identified. During the DPP, the maximum
intensity is higher, however, averaged over the entire area of the cavity, it is lower than

in the IPP.
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The differences in emission are known from previous measurements and can be ex-
plained by different directions of the electric field and the associated electron motion
[22, 28, 77]. Within the IPP, electrons are accelerated away from the dielectric cavity
bottom towards the edge of the metal grid. Within the DPP, on the other hand, the
electrons are accelerated into the center of the cavity in the direction of the grounded
electrode. In addition to the different emission distribution, the change in the electric
field also leads to a change in the local expansion of the discharge. While the plasma
ignites concentrated in the center of the cavity in the DPP, it expands into the area

above the cavity as well in the IPP, resulting in a larger plasma volume [22, 77].

Besides the emission, also the atomic oxygen density, and the mean electron energies
differ between the IPP and DPP. Within the IPP, the atomic oxygen density reaches
a maximum value of 2.5-1022 m~3 at the edge of the cavity. In the center, a minimum
of 1.5-10%2 m~? is formed resulting in a ring structure (Figure 6.12 (b) and (e)). Signif-
icantly higher densities can be measured in the DPP. Here, a ring structure can also
be seen, although there is a smaller relative difference between the center and the edge
(3.1:102 m™2 and 4.0-1022m~3, respectively). A similar picture appears when looking
at the mean electron energy (Figure 6.12 (c) and (f)). This is also higher in the DPP
compared to the IPP. However, the difference between the edge and the center is again

significantly smaller in the IPP (7.9-8.2¢eV and 7.1-7.6 €V, respectively).

The results fit very well into the previously described model of the different directions
of electron motion. In the DPP, the electrons are accelerated into the cavity. The
plasma ignites in a concentrated way inside the cavity. There, especially at the edges
of the cavity, the highest electric fields and electron densities exist [28, 76], which can
lead to a strong dissociation as well as heating of the electrons. In the IPP, on the
other hand, the plasma expands further out of the cavity. The electric fields decrease
with increasing distance from the cavity. In addition, the electrons are accelerated in
different directions following the electric field, which results in a lower electron density.
This leads to less dissociation, as well as lower mean electron energies. The difference
in the ring structure can also be explained by this model. Due to the outward elec-

tron movement, the electrons are heated the strongest at the edges and the oxygen
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dissociates. Within the DPP, the electrons are accelerated into the center, allowing
high oxygen densities and mean electron energies to develop here as well. However,
since the electric fields are at a maximum at the edges of the cavities, a ring structure

manifests also here [28].

The asymmetry between IPP and DPP offers great potential for plasma catalytic ap-
plications. In the IPP, the plasma also ignites outside the cavities, allowing a large gas
volume to be treated and, for example, VOCs to be converted. In the DPP, on the
other hand, the plasma is in direct contact with the dielectric or a catalytic layer. This
can be cleaned and activated. By adjusting the applied voltage waveform or electrode
design, one of the two phases could be emphasized more strongly in order to enhance

the respective desired effect and thus create optimum conditions for plasma catalysis.

6.3.2 Time-resolved photomultiplier SEA measurements

The following SEA results, which were measured using the triple photomultiplier setup
were developed in collaboration with Henrik van Impel, whose thesis was supervised in
the course of this dissertation. For this reason, some parts of the following section have
already been published in the master’s thesis entitled "Analysis of the electric field in a

micro-scaled dielectric barrier discharge” (2023) [78].

The photomultiplier setup described in section 4.2 can be used to obtain even more
detailed information on the time course. This is characterized by the fact that the
three spectral lines used for SEA diagnostics can be measured simultaneously with one
photomultiplier each. This allows the mean electron energy and atomic oxygen density
to be calculated for each time step in the discharge. Figure 6.13 shows an example
measurement with an oxygen admixture of 0.1% and a voltage of 600 V. It shows the
applied voltage (without scale for the sake of clarity), the emission at 706 nm, the mean
electron energy and the atomic oxygen density. In order to verify whether successive
discharge cycles differ or whether the atomic oxygen density accumulates from different
periods, a burst mode is used instead of the usual continuous waveform. This consists
of 20 periods at 15kHz followed by a break of approximately 20ms. For the sake of

clarity, only the first and last cycles are shown in Figure 6.13, which is why the time
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axis is interrupted. The photomultiplier measurements clearly show that the emission
lasts longer than a discharge current would be expected (beyond the voltage reversal
point). It follows that in this region (marked by yellow areas) the excitation is not
dominated by electron impacts, but is probably caused by impacts with metastable
atoms or molecules, or cascade de-excitation. Since these processes are not taken into
account in the actinometry model, an evaluation of the density or energy at these

points in time is not meaningful.

Before the measurement can be evaluated, the gas temperature must be determined
again. As a reactor with a flatter quartz cover was used in this measurement, which
increases the effective gas velocity via the discharge, the measured temperatures are

lower than in the previous case (510 K instead of 825 K).

The absolute values of density and energy of the photomultiplier measurement can re-
produce those of the ICCD measurement almost perfectly. With an oxygen admixture
of 0.1%, a density of approximately 2-10**m~3 is measured in the IPP and a density of
3-10%2m=3 in the DPP. In time-integrated measurements using ICCD setup, the den-
sity was determined to be 2.4 - 102m™3, which almost corresponds to the mean value
between IPP and DPP. The mean energy was determined to be 6eV in the IPP and
6.3¢eV in the DPP. This is slightly lower than previously determined with the ICCD
setup (6.9¢eV) but is still within the error interval. Small deviations can be attributed
to a systematic error of the photomultiplier setup. For the argon line at 750nm, a
filter is used whose spectral width cannot completely block out the adjacent argon line
at 751 nm. Even if high-resolution spectra show that the contribution of this line only
makes a small contribution to the intensity (less than 10%), the argon component is
generally overestimated. In the SEA model, this means that the densities and energies
tend to be underestimated. Despite the small deviation, the measurements show very
good agreement, so that the triple photomultiplier setup can be used in the following

for the discussion of the time profiles.

The photomultiplier measurements (Figure 6.13) can now be used to discuss the tem-

poral developments in more detail. Firstly, it is noticeable that there is a significant
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Figure 6.13: Applied voltage, emission, atomic oxygen density and mean electron
energy as a function of time measured with a triple photomultiplier setup. Conditions:
2slm He, 2scecm O (a), 5scem Oy (b), 1scem Ar; 600 V; d = 200 pm. Adapted from
[78].

difference between IPP and DPP. As previously mentioned, the densities and energies
in the DPP are higher than in the IPP. However, the measurement reveals another dif-
ference. Density and energy remain constant throughout the entire phase in the IPP,
while the density builds up within the DPP. This can be associated with the different
discharge characteristics with oxygen admixture (see Figure 6.3). Here it becomes clear
that the DPP consists of individual strong pulses, while in the IPP, weaker pulses that
merge into one another predominate, and the discharge does not extinguish during
the half-phase. It can be assumed that each ignition pulse is primarily responsible for

dissociation. Since many pulses occur consecutively in the DPP, the density can build
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up gradually until the maximum density is reached and the course saturates. In the
IPP, the first ignition pulse also causes dissociation, but the subsequent pulses are too

weak to further increase the density, being just strong enough to maintain equilibrium.

The difference can further be explained by the discharge behavior. Since the DPP
ignites exclusively within the cavity, the gas exchange is not very effective here, so
that accumulation effects within a half-phase can play a role. In addition, the dis-
charge is in direct contact with the surfaces. This can release oxygen from possibly
oxidized surfaces and thus further increase the density. In the IPP, on the other hand,
the discharge also ignites above the cavity, where the gas flow has a greater influence.
Although the same density as in DPP can be generated here on ignition, this cannot
accumulate as the species are carried away by the gas flow. In addition, surfaces only

play a subordinate role in this half-phase.

Furthermore, the electron energy behaves differently in the very first cycle than in the
subsequent ones. Here, a maximum in the energy appears first and only then in the
emission. This is because the charge carrier density is particularly low in the very first
pulse (no memory effect). Ignition occurs later, i.e. at a higher voltage and therefore
with higher electron energies. During ignition, many charge carriers are then gener-
ated and the energy is distributed among them. These provide excitation in the next
step, so that the emission peak is delayed. In the following periods, ignition is then

supported by the memory effect again.

In addition to the dynamics within the half-phases, it is also evident from the measure-
ments that no atomic oxygen density builds up from period to period. By using the
burst mode, it becomes clear that the maximum density (for both IPP and DPP) is
already reached in the very first period. The following periods show the same densities.
This means that the time between two discharge phases is long enough for the atomic

oxygen to diffuse out of the cavity, recombine or react with the surface.

Figure 6.13 also shows a comparison of two different admixtures. Here, the already

known behavior can be reproduced that the density and energy increase with the
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admixture. Even if the density increases with a higher admixture, it becomes clear
that the degree of dissociation decreases. This matches the density profile of the DPP,
which does not saturate as before with small oxygen admixtures, but increases to the
end. The discharge cannot generate enough energy to completely dissociate directly,
but requires several discharge pulses. It can be assumed that if a lower frequency, i.e.
a longer period duration, were used, higher degrees of dissociation could be achieved

even with these higher admixtures, due to the accumulation effect in the DPP.

6.4 Atomic oxygen density profiles outside the cavities

The atomic oxygen density measurements described before are all based on optical
emission spectroscopy. However, this can only be used for measurements within the
active plasma volume. Outside the discharge, active methods such as two photon
absorption laser induced fluorescence (TALIF) spectroscopy must be used, as there
are no electrons to excite the atoms. In the following section, the TALIF diagnostics
are applied to the volume above the micro cavity array to complete the picture of
the reactor and to verify the previously shown results. Moreover, the transport of the
reactive species from the cavities into the reactor volume is discussed, as this is crucial

for plasma catalytic applications.

6.4.1 Influence of quenching on the measurement

The optical branching ratio is one of the key parameters needed for the TALIF cal-
ibration factor described in section 4.4. In addition to constant factors such as the
natural lifetime, non-radiative collisional de-excitation (quenching) is included in the
calculation. Since the quenching rates of different species differ greatly (see table 6.1),
the optical branching ratio is strongly dependent on the gas composition and should

therefore be customized for each measurement. When using a ps laser, the lifetime of

Table 6.1: Quenching coefficients k, for O(3p*P) [123].

Reagent k, / 107" cm3s™*
He 0.017
Oq 9.4
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the excited state can be measured directly. A minimum gate time of the ICCD camera
is used for this purpose. By varying a delay in steps of ns, the TALIF signal can be
scanned in time. The decay of the signal can be exponentially fitted to determine the
time constant. In this work, however, the gate time cannot be reduced below 3ns. This
means that the measured signal is convoluted with an instrumental profile with a width
of 3ns. This effect can be corrected by deconvolution (not shown here). In the attempt
it is noticeable that the excitation can be significantly shortened. However, the decay
time barely changes. In addition, the noise is significantly increased by deconvolving
the signal, which leads to a higher uncertainty. For this reason, deconvolution is not

used in this work to determine the optical branching ratio.

Figure 6.14 shows the measured lifetime
of the excited oxygen state O(3p®P) as a
function of the oxygen admixture used.
Here, each data point shows the result of
an exponential fit to the respective mea-
surement. The error bars indicate the
uncertainty of the fit. Overall, the life-
time of the oxygen state is between 2-
10ns and decreases with an inverse den-
sity dependence (1/n) known from Stern-
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Volmer plots. This can be explained by

_ ‘ fective lifetime of O(3p®P) depending on Oy
quenching, as the quench rate with molec-

admixture. Conditions: 1slm total gas flow

(He 4+ O3); 700 V; d = 200 pm; z = 350 pmy;

ular oxygen is significantly higher than
with helium (see table 6.1). For compar-
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composition:
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The theoretical values are also shown in Figure 6.14. It is striking that the theory
reproduces the measured values almost perfectly. This was not to be expected, as in

reality at least ozone is produced from the reaction of atomic with molecular oxygen, for
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which the exact quenching rate is not known. However, it can be assumed that collisions
with ozone can further significantly reduce the lifetime. One possible explanation for
longer lifetimes is the limited time resolution of the setup (3ns gate time). For this
reason, the optical branching ratio is calculated below using the theoretical values and
the influence of ozone is neglected. When evaluating densities, however, this effect

should be kept in mind, as densities may be determined to be too low.

6.4.2 Basic diffusion model to describe atomic oxygen transport

Unlike in other reactors designed for conversion, the gas flow does not pass through the
active discharge volume in the micro cavity plasma array. A laminar gas flow between
the metal grid and the quartz cover can be assumed, although it is unclear how good
the exchange with the gas within the cavity volume is. However, since the reactive
species are produced within the cavity, mechanisms such as diffusion are necessary to
transport the species into the gas flow volume. In order to describe the density distri-
bution in the region above the cavities and to relate the results to the results within

the cavities, a basic diffusion model is developed in the following.

In general, diffusion can be described using Fick’s second law. The change in density is

described by a diffusion coefficient D. For atomic oxygen, the value is 1.29x10~4m?s ™1

[136].

on
— = DA 2

In the case of a helium-oxygen mixture, the dominant loss reaction is the formation of

ozone [136]:
O+ O3+ He — O3 + He (6.3)

This can be described with a loss term A, where k7 = 3.0x 107%9(300/7;°) m%s~" [164,
165] is the reaction rate of the reaction described above. The densities of helium ny,

and molecular oxygen np, are assumed to be constant:
A= ]CLTLOQTLHe (64)

In addition, the external gas flow parallel to the reactor grid (y-direction) can be de-

scribed by a constant velocity v, (for 1slm gas flow and 80 mm? cross section v, =
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0.21m/s). Since the TALIF measurements shown later were recorded in two dimen-
sions, it makes sense to calculate the diffusion model also in two dimensions (y and
z-direction). This results in the following differential equation:

on 9’n 0°n on
o p Pl p Tl 0 28 .
5 Y Gy + 25 An — v, oy (6.5)

A numerical method such as the explicit finite difference method can be used to solve
the partial differential equation. A starting density, for example a measured value, can
be used as a boundary condition at the position z = 0 (transition between cavities and
the region above). In order to take the periodic nature of the cavities into account,
the boundary condition can even be changed as a function of time. At the remaining
edges, the density is set to n = 0. To ensure that the result is not distorted by the
boundary condition, the model range can be extended in y and z-direction. Only the
part of the result that has a certain distance to the edges is then used for the evalu-
ation. Periodic boundary conditions cannot be used in this case, as on the one hand
there is a gas flow in y-direction and on the other hand further cavity structures are
present in y-direction. For the grid, 540 points are used in y-direction for a range of
13.3mm. Thus 500 points are in the area that is evaluated later and 20 points on each
side are ignored due to the boundary conditions. In z-direction 100 points are used for

5mm. Approximately one million time steps are required for the solution to converge.

Overall, this basic diffusion model can describe the dominant effects of the region above
the cavities. However, some aspects are neglected, so that the results can only provide
a rough indication of the density distribution and must always be critically reviewed.
In an extended model, the boundary conditions would have to be further specified.
For example, the cavities and the metal grid are not only a source of atomic oxygen,
but can also bind it to the surfaces of the dielectric or metal grid. This surface loss
is neglected in the model. Furthermore, a constant (room) temperature is assumed,
although there is a strong temperature gradient between the cavities and the volume

above.

In addition to the boundary conditions, the chemical model is very simplified, as only
one loss reaction is used. In reality, a large number of other reactions come into con-

sideration, each of which can represent a source or a loss for O, Oy or O3z. Overall,
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the assumption of a constant gas composition in the volume above the cavities is more
likely to be fulfilled than in the plasma volume. Nevertheless, the proportion of O,
and thus the formation of O3 can change locally and temporally (dissociation due to

discharge, interaction with surface, etc.).

A further simplification of the model (and the measurements) is the reduction of the
problem to two dimensions (y and z-direction). In reality, the cavities interact with
each other in three dimensions. If further cavities (in y-direction) are added (or are not
active) this further influences the density in the region above the cavities. However,
the inclusion of these effects would make the model very complex and are beyond the

scope of this work.

6.4.3 Temporal build-up and decay of atomic oxygen

In order to synchronize the laser system with the discharge, a pre-trigger signal from the
laser is used to start the voltage waveform at the reactor. For this reason, no continuous
waveform can be used for measurements in the volume above the cavities. Instead, a
burst mode is used with a frequency of 15kHz (as before) and a total of 60 repetitions.
Since the discharge is completely switched off between the individual bursts, it must be
ensured that an equilibrium has built up at the time of the measurement. To check this,
TALIF measurements are taken as close as possible to the electrode without causing
scattering effects or similar (center of laser beam at z = 350 pm). For each measuring
point within a burst cycle (4.1 ms) the delay in respect to the applied voltage is shifted
by 135us. The two-dimensional fluorescence signals captured by the ICCD camera
are averaged in the area of the laser beam to obtain a single measurement point. On
the one hand, this can improve the signal-to-noise ratio, but on the other hand, this

procedure limits the local resolution in z-direction (approximately 150 pm FWHM).

The results are shown in Figure 6.15 (top) for three different admixtures as a function
of time (dots). Figure 6.15 (bottom) shows the voltage waveform used for an overview.
Since the density is measured outside the cavity and must first diffuse there over time,
the diffusion model described above can be evaluated in one dimension (z-direction) as

a function of time at the position z = 350 pm. The solution for the respective admixture
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Figure 6.15: Measured (dots) and calculated (lines) atomic oxygen for different O,
admixtures depending on time (top) and voltage waveform (bottom). Conditions: 1slm
total gas flow (He 4+ O3); 700 V; d = 200 pm; z = 350 pm; gate time = 30 ns; exposure
time = 60s. Adapted from [145].

is also shown in Figure 6.15 (top,lines). Both the measurement and the model were
normalized for better comparability. However, the absolute densities are discussed in

the following sections.

First of all, the model can reproduce the measurement very well in terms of the basic
process. When the voltage is switched on, the density above the cavities initially rises
steeply until saturation is reached. The higher the admixture, the faster saturation can
be reached. Regardless of the admixture used, the density is always saturated after
3ms at the latest. In the measurements shown later, a fixed delay of 3.8 ms is selected
in order to ensure saturation. If the voltage is switched off, the density drops exponen-
tially. This was to be expected, as atomic oxygen diffuses and reacts with molecular

oxygen to form ozone. As before, the higher the admixture, the faster the drop.

In order to be able to compare the measurement with the model even better, the mea-

surements can be fitted using an exponential function in order to determine the time
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constant for temporal build up or decay of atomic oxygen. This can be compared with
the results of the diffusion model (see Figure 6.16). The error bars describe again the
uncertainty of the fit. As already known, the time constants for build up and decay
decrease with the admixture. This can be explained with the help of the loss channel
to ozone. The higher the proportion of molecular oxygen in the gas composition, the
higher the losses to ozone and the faster an equilibrium between source and loss com-

ponents is reached.

Overall, the model can reproduce the
measurement, very well. Both the curves
and the absolute magnitude of the time
constant (200-800ps) agree. However,
the measured time constants are slightly
higher than predicted by the model. This
may indicate a too large loss term (for-
mation of ozone) in the model. As pre-
viously discussed, the assumed constant
gas composition may deviate from real-

, ‘ , Figure 6.16: Measured (dots) and calcu-
ity, as the proportion of atomic oxygen

] _ lated (lines) time constants depending on
and ozone in the total density are ne-

O, admixture. Conditions: 1slm total gas

flow (He + Og); 700V; d = 200um; z =

glected. Furthermore, the simplification

to a one-dimensional space can lead to
350 pm; gate time = 30ns; exposure time

= 60s. Adapted from [145].

errors, as neighboring cavities (both in x
and y-direction) can influence the density

at the selected location.

Beyond the aspects already discussed, it is striking that neither the measurement nor
the model show any dependence on the 15kHz frequency used, which has a major
influence within the cavities (actinometry measurements), which is reflected in their
different characteristics in the two half-phases. However, TALIF measurements only
show a constant value, independent of the time within the period. This phenomenon

can again be explained by the model. If the starting density (boundary condition) is
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Figure 6.17: Calculated atomic oxygen density for different z-positions depending on

time.

periodically switched on and off (e.g. 20pus on, 13pus off), an effect can be observed
very close to the surface (see Figure 6.17). A clear influence of the voltage period
(IPP and DPP lead to two discharges per period, i.e. 30kHz) can be seen at the posi-
tion z = 150 pm. However, this influence decreases significantly with greater distance
from the cavities. The effect disappears at distances greater than z = 300 pm. The
influence is therefore not measurable at the measurement position z = 350 pm. This
result shows that even measurements closer to the surface could hardly reproduce the
periodic change in density, as the difference is of the order of magnitude of the noise

level.

Even if the model does not perfectly reproduce the TALIF measurement, it can be
shown that the volume above the cavities is dominated by diffusion and the reaction
to ozone. It also shows why the periodic density changes known from the cavities are

not measurable here.

6.4.4 2D resolved density distributions above the cavities

In addition to time-resolved measurements, the setup can be used to perform spatially
resolved measurements. To do this, the reactor is moved in the z-direction using a
translation stage. A position at which the laser is completely blocked by the reactor
wall is selected as the starting point. With each step in the z-direction, a further part
of the laser beam can pass through the reactor allowing measurements to be taken
directly in front of the grid surface. The entire volume above the cavities can thus

be scanned step by step. As the laser beam passes in y-direction, a two-dimensional
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density profile can be obtained. In the previous measurements, the entire laser width
was averaged in z-direction to improve the signal-to-noise ratio. In contrast, the local
resolution is more decisive here. For this reason, only a 50 pm wide part of the laser is
evaluated instead of 150 pm. This corresponds to the selected step size of the transla-
tion stage. To minimize scattering, reflections, and fluorescence effects when the laser
is close to the surface, only the 50 pm section of the laser or fluorescence beam nearest
the surface is analyzed. While this reduces intensity (which would be higher at the
beam center), it significantly decreases disturbances since the laser’s center remains

further from the surface at each point.

In addition to the scattering effects, even the quartz cover can distort the measurement
due to small defects or contamination. One way to eliminate both, the effects of the
quartz cover and those of the surface, is to perform a calibration measurement with
xenon. The same z-scan as for atomic oxygen can be carried out for this purpose. Xenon
is added to the helium flow instead of oxygen and the laser is moved to 224.29 nm. The
bandpass filter is wide enough and does not need to be changed for this measurement,
unlike for density calibration. As the xenon density should be constant at all locations
when the discharge is switched off, variations in the TALIF signal can be directly
attributed to the influence of the surface or the quartz cover. The oxygen measurements
can therefore be corrected directly with the normalized xenon measurement. With this

method, densities can be measured down to a few pm from the surface.

The results are shown in Figure 6.18. The upper surface of the micro cavity plasma
array is positioned at z = Omm. The cavity openings point downwards to allow the
outflow of the cavities to propagate in the positive z-direction. The position of the
ICCD camera is chosen in such a way that the entire 200 pm and also part of the
150 pm diameter cavity structure is visible. The measurements were carried out for

three different oxygen admixtures and were absolutely calibrated in each case.

As expected, the atomic oxygen density is at its maximum around the cavities (z=0)
and drops exponentially in the region above. The atomic oxygen density initially in-

creases with the addition of oxygen, but decreases again with larger admixtures. As
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Figure 6.18: Measured (left) and calculated (right) 2d resolved atomic oxygen density
for different admixtures. Conditions: 1slm total gas flow (He + O,); 700V; d =

200 pm /150 pm; gate time = 30 ns; exposure time = 60s. Adapted from [145].

previously observed, not all cavities can ignite at 1.5% admixture, resulting in indi-
vidual density maxima or minima. However, the width of the laser is so broad that it
could theoretically be spread over two rows of cavities in the x-direction (in depth). In
addition, there is diffusion in the x and y-directions, which means that more distant
cavities may have an influence on the measuring point. Structures therefore only arise
when an entire cluster of cavities expires. The absolute densities are discussed in more
detail in the following section 6.4.5. The results in the 150 pm area differ neither in
terms of absolute density nor density distribution from the 200 pm structures. This
matches the findings from the actinometry measurements, where the density also does

not change with the cavity size.

In addition to the measurements, the results of the basic diffusion model are also shown

in Figure 6.18 (right column). The first line of the measured values (z = 0) was used
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as the starting density in each case. In reality, this point is approximately 20 pm away
from the surface due to inaccuracies in the adjustment. Except from the smallest
admixture (0.1%), the model can reproduce the measurements almost perfectly. The
deviation at low admixture can have various reasons. Firstly, deviations in the MFCs
or the premixed gas cylinder have a relatively greater influence on the actual admixture
at lower admixtures. If the admixture were higher than assumed, this would strongly
influence the model and reduce the deviation from the measurement. Furthermore,
the model only uses the three body impact between O, Oy and He as loss term. At
higher admixtures, this term seems to dominate. At lower admixtures, however, the
losses approach zero as the rate depends directly on the admixture. Further loss terms,
which for example do not depend on the molecular oxygen density, but only on atomic
oxygen or helium, or diffusion in x-direction could correct the model. However, this

requires a complex (chemical) model that goes beyond the scope of this work.

The measurements and the model show that atomic oxygen can leave the cavities by
a few mm, depending on the admixture. This is particularly important for plasma
catalytic applications, as the reactive species can react in the gas volume or interact on
a surface placed close to the cavities. Contour lines have been added to both the model
and the measurement for better comparability. The model and measurement are very
comparable, except for the 0.1% admixture already discussed. The exponential decay is
almost identical up to densities of approximately 2x10'* cm~3. At lower densities, the

noise level (detection limit) is reached during the measurement, resulting in deviations.

The model can also be used to complement the measurements. For example, the in-
fluence of the gas flow (directed from right to left) is taken into account in the model,
which is visible in the results. Nevertheless, it can be seen that the influence is very
small. This means, for example, that no oxygen atoms from the 150 pm structures
interact with the outflow of the 200 pm structures (1 mm away) and thus the density
cannot accumulate. The calculations show that significantly higher flow velocities (one
order of magnitude or more) would be necessary, which could be important for applica-
tions. On closer analysis, the effect of the gas flow is also visible in the measurements.

However, the effect appears to be even smaller in the measurement, which may be due
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to the limited signal-to-noise ratio. Moreover, despite the assumed laminar gas flow,
it can be expected that the flow velocity directly in front of the surface is slower than

in the rest of the volume, and thus has only a minor influence in reality.

In the previous section, it was discussed that the influence of the voltage period is only
visible very close to the surface. However, the z-scans are measured exactly in this area.
In order to minimize the error, all measurements are therefore carried out at the same
time at the end of the DPP. This has two advantages: First, the oxygen production
is expected to be at its maximum here (see section 6.3.2). Secondly, the measurement
is not possible in the IPP, as the discharge also ignites outside the cavity and thus
influences the measurement through plasma emission. Accordingly, the model can not

take into account changes in density within the half-phase or between IPP and DPP.

6.4.5 Dependence on gas composition and comparison with SEA

The influence of the admixture in the volume above the cavities, for example due to the
reaction to ozone, has already been discussed in the previous sections. In the following
section, this influence is examined in more detail. As before, measurements are taken
at a fixed position (z = 350 pm) and the admixture is varied. The measurements are
then absolutely calibrated. As more and more cavities expire with high admixture, the
density above the cavities can be distorted by this effect. To correct this, the ignited
cavities close to the laser beam are counted for each admixture and the measurement

is corrected accordingly.

The results are shown in Figure 6.19. The error bars are derived from the standard
deviation of ten individual measurements. Initially, the density increases with the
admixture, reaching a maximum of 8.4x10"™ cm™ at approximately 0.4% admixture.
The density then falls with the admixture, resulting in a density of only 2.9x 104 cm ™3
at 2.5% admixture. The absolute density is therefore consistent with the z-scans shown
above. Small deviations are due to the fact that in this case the density was averaged

along the entire laser or fluorescence beam above a row of the array structure, whereas

in the z-scans each y-value was evaluated individually.
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Figure 6.19: Comparing TALIF data with a basic diffusion model based on SEA data
depending on the admixture. Conditions: 1slm total gas flow (He 4+ O3); z = 350 pm;
700 V; d = 200 pm; gate time = 30 ns; exposure time = 60s. Adapted from [145].

At first glance, the density curve clearly deviates from the already known curve within
the cavities (see Figure 6.11). This deviation can be resolved using the diffusion model.
If the actinometry measurements are used as the initial density value within the cavity
and the model is evaluated in the region above, the density curve can be reproduced
almost perfectly. The model can be refined even further by using the actual discharge

times, i.e. switching the source on and off (see Figure 6.4).

In spite of the consistency of the curves, a correction factor of 0.08 is required to
match the absolute densities. There are many reasons for this. For example, only the
(ignited) cavities themselves are considered in the actinometry measurements. In the
diffusion-determined volume above the cavities, however, the density is composed of
the 3d interaction of several (possibly non-ignited) cavities. Even if all cavities were
always ignited, the cavity area to electrode area ratio is only 20%, which leads to a

considerable reduction in the actual density above the cavities.

In addition, the actinometry measurements do not provide any information about the
z-position at which the density is generated, as integration is performed in this direc-

tion. The density is assumed for the model at the bottom of the cavity. However, as is
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already known from the literature [77] or this work, the discharge volume and location
changes drastically between IPP and DPP. As already discussed, the absolute densities

of actinometry should generally be critically questioned.

Another source of error is the model itself. Surface losses are completely ignored here.
However, these are at a maximum within the cavity surrounded by the electrode and
dielectric, raising the question of how much of the oxygen generated in the cavity can

leave it.

Despite the uncertainty discussed, this result can serve as a further benchmark for
actinometry. The trends of the density curve is almost identical between TALIF and
actinometry measurements. The deviations in absolute density can largely be explained
by surface losses or the cavity to electrode area ratio. In conclusion, all phenomena
above the cavities can be described with the already determined discharge dynamics

within the cavities.

6.5 Outcome: optimizing the conversion of gases

In this chapter, oxygen was considered as a model system for plasma-catalytic appli-
cations. The following discussion addresses how the insights gained can be applied
to more complex systems such as n-butane, methane, or carbon dioxide, and how the

reactor can be optimized for these applications.

The results can be summarized into three key findings, which can answer the remain-
ing research questions of this work. First, the discharge dynamics change drastically
with the addition of reactive components. The discharge shifts from a homogeneous
continuous glow mode to a pulsed and later unstable filamentary mode. Second, mea-
surements show that very high dissociation rates of up to 100% are achieved within the
cavities. The density does not accumulate over a long period but reaches its maximum
after just half a phase. Third, the density distribution outside the cavities is deter-
mined exclusively by diffusion and chemical reactions. The influence of the discharge

and the external gas flow can be neglected.
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These findings highlight the interplay between discharge dynamics and conversion.
Fundamentally, the cavities provide optimal conditions for the dissociation of molecules.
Time-resolved measurements reveal the significant contribution of each individual dis-
charge pulse. Therefore, for efficient reactor operation, the pulses should be explicitly
controlled. The basic discharge mode can be set by adjusting the admixture. The
optimal balance between the maximum admixture and the number and duration of
pulses should be sought. The results also indicate that the maximum dissociation can
be reached after only a few pulses. This means that the number of pulses or the period
duration should be fine-tuned using applied voltage, frequency, or waveform to avoid

operating the discharge longer than necessary.

Besides discharge dynamics, transport dynamics emerge as a crucial parameter. The
discharge or gas flow has a negligible influence on the dynamics, which are mainly
determined by diffusion. Due to the laminar, slow gas flow, it can be assumed that gas
exchange in the cavities occurs rather slowly. For efficient conversion, the gas dynamics
should be adjusted so that the gas in the cavities is exchanged for every half-phases.
This could be achieved by adjusting the reactor design, for example, by changing the

geometry to shift the gas flow from laminar to turbulent.

Overall, the measurements suggest that each individual cavity contributes to the con-
version. However, the results show no evidence of synergy effects between the cavities.
This means that plasma species are not transported from one cavity to another. The
diffusion characteristics indicate that the species can escape a few millimeters from
the cavities. Therefore, the reactor geometry should be adjusted to utilize the reactive
species outside the discharge volume. For example, an additional catalytic surface or
another array of cavities could be placed in this region. Additionally, the gas flow and

the distance between two cavities could be improved to enhance transport.

Even though other gas systems may behave differently than oxygen, it can be expected

that the effects discussed here still lead to optimization of the conversion.
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7 Summary and Outlook

The aim of this work was to investigate the discharge characteristics of a micro cavity
plasma array in helium-oxygen mixtures, using oxygen as a model system to gain in-
sights into its potential applications in plasma catalytic processes. The work focused
on describing the fundamental discharge dynamics, observing the influence of oxygen
on the discharge and investigating the resulting plasma chemistry, for example by de-

termining the degrees of dissociation.

The first research question to be answered in this thesis was related to the description
of the discharge mode of the reactor within a pure helium system. To address this,
power measurements were carried out using the equivalent circuit approach. In addi-
tion, the emission of the discharge was observed. This allowed parameters such as gap
voltage, discharge current, transported charge, ignition times, discharge durations and
surface covering to be determined as a function of the applied voltage or frequency. In
particular, the ability to precisely determine the dissipated power can help to quantify
the energy efficiency of gas conversion or plasma catalysis in the future. Based on these
measurements, it could be concluded that the micro cavity plasma array is a combina-
tion of surface DBD and volume DBD. In the range of low voltages, not all cavities are
ignited and the discharge can spread further with increasing voltage (surface DBD). As
soon as a voltage is reached at which all cavities ignite, the discharge can only spread
into the volume as the voltage increases (volume DBD). Furthermore, the reactor could
be assigned to a discharge mode under pure helium. The behavior corresponds very
well with the behavior of an atmospheric pressure glow discharge (APGD) known from
the literature. The fact that metastable helium atoms also play a major role and
strongly support the ignition means that the discharge takes the form of a continuous

or quasi pulseless glow discharge. This characterization helps to compare the reactor
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with similar plasma sources and to differentiate it from others (streamer-dominated,

filamentated or Townsend discharges).

As the previously determined discharge dynamics are influenced by surface charges,
particularly in the case of the dielectric barrier system, these were also investigated
further in this work. For this purpose, the equivalent circuit approach was extended
and applied in combination with a new method. The reactor is disconnected from the
voltage at certain points in time to allow volume charges to decay, leaving only surface
charges that can be measured in the next step. For the parameters typically used in
this work, the surface charge density was determined to be 16 nC/cm?. The method
can furthermore be used to precisely set the surface charge, for example to influence the
next ignition. Another method, laser-assisted charge ablation, was additionally used.
Here, the charge carrier density is actively manipulated with a laser. The advantage
is that the charge can be determined and controlled in a similar way to the switching
off method, but the discharge does not have to be stopped and continuous operation is
possible as a result. However, the use of this diagnostic method is considerably more
complex. In addition to the required laser set-up, the evaluation is complicated be-
cause, in addition to a modification of the surface charges on the dielectric, secondary
effects induced by the laser also take place on the metal electrode. Overall, both meth-
ods open the door to deeper investigations into the interaction of surface charges and
catalytic surfaces, which could lead to an understanding and optimization of plasma

catalytic systems.

The surface charges are mainly influenced by the electric field. This directs the charged
particles to the surface or accelerates them away from the surface. However, the sur-
face charges also influence the electric field through shielding. For this reason, one of
the research questions in this work addresses the spatial distribution and direction of
the electric field. This could be investigated with the help of the Stark broadening or
shifting of a helium line pair, taking into account the polarization properties. Fun-
damental differences between the two half-phases (increasing and decreasing potential
phase) could be seen both in the two-dimensional distribution and in the direction of

the electric field. While the field in the DPP is strongly influenced and shielded by
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surface charges and is directed more parallel to the dielectric (leading to striations with
oxygen), the field in the IPP is weaker and more diffuse. These results in combination
with findings on surface charges and the general discharge dynamics make it possible
to design more accurate models of the discharge in the future or could serve as input

parameters or benchmarks for more complex simulations.

After the discharge of a pure helium system had been described in detail, the influ-
ence of oxygen on the discharge was investigated. Power, emission and spectroscopy
measurements were carried out again and the oxygen admixture was varied. A drastic
transition from a continuous glow discharge to a pulsed and filamentized discharge
is particularly visible in the emission. However, this transition is also evident in the
power characteristics or the electric field. What is particularly exciting is that all
diagnostics indicate that there is a discrete point (approximately 0.3-0.5% oxygen ad-
mixture) at which a mode transition takes place. Up to this point, the discharge still
behaves largely like a pure helium glow discharge despite the addition of oxygen, with
the difference that individual pulses occur instead of a continuous discharge. After
the transition, the influence of oxygen becomes more dominant, which results in the
discharge being quenched more strongly, ignited only at higher voltages and lasting
for a shorter time. For the oxygen system, the point of the mode transition therefore
represents an optimum between maximum reactive admixture and discharge duration
or stability. Since oxygen is important for many plasma catalytic applications, but can
also serve as a model system for other gas compositions, the results can be used for
future applications. They can help to adapt the reactor to the respective application

in the future regarding geometry, voltage or heat resistance.

For plasma catalysis, the conversion or dissociation of molecules and thus the monitor-
ing of their densities is indispensable. However, due to the small reactor dimensions
and limited optical access, particularly spatially and time-resolved diagnostics can only
be used to a certain extent. But this is particularly important for reactive species with
short lifetimes, as they are supposed to react directly within the discharge volume
or in the immediate vicinity. To investigate the influence on the plasma chemical

mechanisms, integrating measurements such as mass spectrometry or absorption spec-
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troscopy are therefore not sufficient. For this reason, a new diagnostic method, helium
state enhanced actinometry (SEA), was developed in the course of this work. This
method is based on optical emission spectroscopy and makes it possible to determine
atomic oxygen densities and mean electron energies at the same time. The method
was benchmarked against laser spectroscopic measurements at a reference source, the
COST reference microplasma jet. In addition, two measurement setups were devel-
oped. On the one hand, an ICCD-camera based setup with an electronically tunable
filter offers the possibility of 2D resolved measurements. On the other hand, a pho-
tomultiplier setup offers the possibility of high time resolution. This provides a real
alternative to laser spectroscopic diagnostics if these are not available or cannot be

used for geometric reasons, for example.

Using SEA diagnostics, it investigated which dissociation degrees can be achieved with
the reactor and on which parameters the conversion depends. Both setups were used to
obtain both spatially and time-resolved measurements. In each case, very high atomic
oxygen densities were found, corresponding to a degree of dissociation of almost 100%.
Time-resolved measurements show that this degree of dissociation is already achieved
within the first periods and does not have to build up over a longer period of time.
A clear asymmetry between IPP and DPP is again evident. Furthermore, it becomes
clear that the density is less dependent on the cavity dimensions or the voltage, but is

rather influenced by the admixture or the discharge mode.

Outside the cavities, the density distributions were determined using TALIF. This
shows that the reactive species can leave the cavities up to several mm, which is
promising for applications. In addition, a basic model shows that the transport is
determined exclusively by diffusion. This allows the results outside the cavity to be

compared with those inside, with a high degree of agreement.

The results found in this work offer numerous possibilities for the future. The new
findings on fundamental properties such as electric fields, surface charge, and discharge
mode can be used to develop more complex models and simulations. In particular, the

discharge dynamics could be explored in greater depth, including the interaction be-
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tween the cavities. Furthermore, various materials for the electrode, dielectric, and cat-
alyst could be tested or simulated, allowing for further optimization of the reactor. The
high degrees of dissociation achieved provide a solid foundation for plasma-catalytic
applications. By tailoring discharge pulses and gas dynamics, the knowledge gained
here can be used to design a highly efficient reactor. This fundamental understand-
ing, combined with high conversion rates and a multitude of spatially and temporally
resolved diagnostics, enables systematic and comprehensive investigations of plasma
catalysis in the future. For example, conversion efficiency can be determined as a
function of surface charges or electric field distributions to decouple various relevant

mechanisms.
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